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? ORB WORD 

A state in power transmissieiri ii8.s,/reached- in. India 
wben the .presently planned and ^ ins' tailed 400 kV system will • 
he inadequate td ' handle .Ijhe needs'‘"af ter 1990. Powers ran- 
ging from 3000 MW to 20^,000 MW must he transmitted from giant 
power pools (both hydro and thermal) to lo,a.d centres 500 to 
1 500 Em away. The future needs in choice of extra high 
voltage (ac -and dr) , is the most difficult decision for Indian 
power, engineers . Thus, the profession of power transmission 
is going through a very azci'tdng period. With this in view, 
the 31e#:tr,ic.al Bngiaeering Department of the I.I.T. Eanpur ■. 
has organized this Short-Term In-Service Training Programme , : 

Course on Problems of BHV Transmission InoLuding Trans ionts.. 
The subject matter is restricted to transD;i3.ss ion only and not . 
•to interconnection of. e.h.v. lines into a notwork-.f: ■; Thus it 
'rofsrs tO 'the hfext- highor lev-el -of volt ag© th.at- will overlay ^ 
the existing' 2'2G kV and 40:0 kY network of lines . The problems ■ 
that nsed: appreciation and solution are related to high-voltage 
phonom.ena such as switching ovorvolt-ages , lightning overvoltage 
radio noise, audible noise, olectrestat ic field, shunt and I 
series compensation, protraction using digital methods and 
fault-sensing hy tr-avolling waives, characteristics' of long air- 
gap flashover, and many ' allied topics. S imulfifionrof do transO 
mission, systems for transient performance is alvS#'CC''rered. 

With voltages on the increa.so, sub-stations are bocom.ing' very 
large and electromagnetic intorference to measuring, protection 
and signal (communication) circuits usiiig conventional co-axial 
cables is becom.lng a serious enough problomi. to ropl.acc them 
with optical fibre cables. Many mGa,surem.ant and control s-spset 
are now being taken over by. do die, ate d microprocessors. Aj;i 
effort h.as been made to include those two topics in the lecture 
seris’s. Static Yarr systems and high phase order have .also 
hesn touched upon as future developments indicate that they 
m.ight f ind use in India. 


volume such 35 this is' the result of the comhined 
ef f o rts ,bf many inbiv iduals . The coo rd inators wish to ackno w- 
ledge with' gratitude the help^of Professors, who spared their 
valuable time and effort to place .mot <^s at our d is po sea readil’/* 
The ststf' of the High Voltage Laborator,y did all the chords 
required im putting this volume together.' Wi,J:hout their 
effo-rts, we would have been seriously hpmdicapp.r d . i.i¥G, acknow- 
ledge our thanks to. Sri Grhorepade and Sri Ram Autar. ■ Sri.,-: 
Yogendra Chandra did 'all the tjrpirig, (.sometimes very (diff icult 
equations). Any error' iri'-the fin;al editing is solely the 
reSpOnsibility of the ■coordinators . Th.-’dapl ice ting Bection 
of the EB Bep'artment andethe Graphic Arts sect ion of the I . I .T . 
deserve our thanks for their cooperation. 
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OXLCUIATIOE, mi): mmUBrnm of RI from HBm-VOLIAOF 

A 0 '& PO TR^^ISOlOi LUES- AND STATIONS ; ^ : 

Notion this topic are prepared from the Workshoppapers; 
preseated: by Dr. -P. Sarma -Maruvada of IIBQ, Canada for 'Coafereai 
. ;aad' Workshop ■ on EHV Technology ' , August ■ 1 984, Bangalore . 

INTRODUqlTlON ^ ■ i : ^ .v;,^ , ^ ■ 

During no rmaLl Ope ration, h'igh^pltage transmission systems; 
'produce electro'ta’agnet ic ' inteff e^rea:ce'' dv€<r a wide range of fred^a 
cios. This interference generally has its greatest impact on' 
broq,dcast rs,dio reoeption (0 ^ ■.5 35 MHz 1 .605 MHz) and is commonl 
des:jigaated..,as radio inte-rf erencG (RI) . It may also ha've an appr 
ciable, impact on broadcast television receptioa ( 54 MHz-21 6MHz) , 
which ^easG it is referred to as television interef erence (,T¥I)„, ; 
bu,t-,f,rom a practical -po int of .view it is RI, which .is the .more 
important _ factor to be taken into account dn the, dos iga,: of high- 
voltago .transmission linos and stations, r ■: ■< , | 

G- eg > 3 rat ion of RI " ■■ ' -r o '^"4, ! 

The m,ain sources of ,RI on tranaiission lines md ' in statioi 
are corona and- gap-t^e discharges which occur on .coELductors , 
hardware and insulators . Such divschargos occur externally, whea 
. air is the dielebtiic 'medium, lut intern al discharges csin .also t 
p ro ducted,: ins ide the dielectric matefiai-s used' in stntioi:i''-e'(|'^^' 
meat ..such hs ‘^'t"rahsform^.--rs, circuit bro’akers, etc.' ' '"' ' 

Corona diaoharges.occur in regions qf high electric field 
surrounding transmission line conductors, stations busbars and ‘ 
associated h.ardware. They are duo to acceleration of electrons 
the high Gleet ric field and the resulting'., fiumulat ive ionization 
and partial breakdown of air. The . nature or, ’mode ’ of corono, d 
charge occuring near ,a conductor depends .to a larg-- extent- ..on t 
shape of the cunductor and the .polarity of the voltage applied 

it ( hie-gat ive ’ or. 'posit ive ' corona m, odes) . Irrespoctivq of the 
conductor polarity,^ corona modes may ho farther classif ied on t 
basis of temporal variations , in' the discharge p-rqcoss as well a 
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in fhc currents induced ttie conductor: glow coronas, in which 

the variations are very slow or even nonexistent, and pulsativo 

coronas-,; in. which the vario.tions are very rapid. Only puls.ative 

coronas (of either polarity) can give rise to RI. 

- r . 

Roghtive pulsativo corona, g- ncrfilly Iniown <as Trichol pulse 
corona, is chai-actorized by n double-experinv'-ntra current waveform 
with a. rise time of 5'”10 ns, an amplitude of less than 10 mA and. a 
total duration of 150-200 ns.- Positive pulsativo corona, or po- 
sitive steamer corona, is also charnctorizod by a double-expeni'n- 
t ial current waveform with a rise time of some 50 ns, a much 
larger amplitude of tho- order of 100, ^ total duration of 
about 500 ns. These negative, and po.siii've pulsativo coronas occur 
on conductors having the respective polarities of a DC tratismiss ion 

f j . I 

line or during the negative and positive half -cycles of voltage 
applied to the cf^nductohs of an AC transmission lino. 

Figure 1 shows positive and negative corona current pulse 
shapos reconstructed in the form of a sketch by Rakoshdas^ . 

Typical frequency spectra of positive and negative current pulses 
are shown in Figuipe 2. The frequency spectrum of the positive 
pulse has ‘a*' higher initial amplitude than that of the negative 
pulse but"ffc^ls off much faster with frequency. From thf" point of 
view of RI,' therefore, positive co.rona‘ pulses aro much more in\por- 
tan than negative. Thus,, only the pos ifeive-polarity conductors of 
a bipolar DC transmission line .ore assuirhd to contribute to .its RI 
level. , Similarly, only the positive-half -cycle corona is assum-: d 
to contribute in the RI lev--l of AG transmission lines. Similar 
considerations apply to corona-generated RI from AC and DO stati-^ns. 

In contrast ^ c^orona, gap discharges occur between .closoly 
spaced conduct iiig, and sometimes insulating, surf on '-s and ropros'ont 
a complete .broakdc's^n of the interdectro do ‘space. ■ ,Tho resulting 
curfeat pulse i^ -characterized by a stcop rise time, -largo current 
araplitudo snd .very short duration. Cap discharges the roforo .pro- 
duce very high levels of RI as wBil as: TYI-but fortunately they 
occur only rarely on high-voltage tr.aas«ilssinn systems, usually 
being confined to AO distribution lines-,-.. ■ - 
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Ooroiaa and gap dischargos, acid to a'lf'sssr extent fclio int‘"'r~ 
nal the porti.al dia«hargos of oquipinent, account for the HI from 
AO stations. In DC converter stations, however, the period turn-on 
and turn-off of the valves is a predoninant source of HI hucausc 
the switching times in both cases ar^' very short, usually of the 
order of a few microseconds. During both those oper'^tioas, tran- 
sient voltages and currents appear in tho system 03 a result of 
the redistribution of tho energy stored in the r-r active elements 
hofore a new steady state is roached, ■ but turn ~f?n genorot ■ much 
highe-r-f roqucncy transients and is thorefof'e t'do mail ■ s'.'urco of RI 
from DC convortfr stations. 

In the addition to the sources doscrih<-'d above, which gene- 
rate almost continuous or stoaay-etate RI, the occassional opera- 
tion of certain typos of equipment ii both AC and DC statjons, such 
as circuit breakers or disconnect jng switches, generates high 
I'ovols of transient r-loctr'jm.agnc t ic intorfnronco but this type 'of 
interference is outside the scope of the present discussion. 

Galculo,tioa of RI ' 



Although the RI levels of both transmission liies and 
stations are highly variable ,and can be meaningfully described 
only by long-term measurements- .and statistical analysis of data, 
calculation methodsprovide a useful physical iisight and may 
reduce the amount of data needed. A brief review of RI calcula- 
tion methods is thorofore given below. ' 

Transmission lin-s v ' The principal source of Rl'from transmission 
lines is corona, which occurs randomly alopg the conductors- whoro- 
evor surface defects, organic or inorganic deposits, raindrops or 
snowflakes arc located. Bach corona source in turn injects random 
current puls.'s,- characterized by fairly- constant wavosho,pr-a but 
randomly .vary ing amplitudes and pulse -separation hitorvals. 

Tho current pulse injected by a corona source divides 
equally and propagates in both directions, suffering at,tcnuation 
and distortion as it travels. Thus, at any given point on the 
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conductor, tlie r<?sulting current will be composed of trains of 
random pulses generated at different distances on, both sides-- and 
consequently undergoing different degrees of attenuation arxd dis- 
tortion. In addition, the propagation of currents and voltage on 
one conductor is influenced by mutu.sl coupling to the other phase 
conductors in the case, of an AO lino or to the other polo of pg 
line. Both conductor and ground impedance charact-'ristics, which 
vaxy widely with frequency, must be taken into account in calcu- 
lating attenuation and distortion effects, which makes RT propa- 
gation analysis on multiconductor transmission liiis extr'-'mely 
complex. 

The most important application of such calculation methods 
is to predetermine the RI character is tios of o. propos-^d lino 
design but unfortunately it is , inpOvSS ible to count solely on purely 
analytical methods for this purpose. Measurf^monts ar*^ essential, 
which means that tests must bo performed on conductors. eith''r in 
cages or on t^st liri-^s to obtain the required data. 

. Empirical methods arc also available for predicting the R-I 
porformance of a proposed transmission line. These, are based on 
empirical foiroulae derived from large volume of mcasnrod data. 
Typical formulae for AO transmissien linos arc summari 250 d by IEEE 
Gommittoo Report, in 1973 /2/ Appendix I and II. 

Stations i Ro analytical methods t'ro currontly available'- for 
calculating the RI from high-voltogo -AC stations although somo 
comput.at ional methods exist for determining the RI generated by 
HVDO converter stations. ' Reference^ gives one such mothod which, 
while bas.ically still valid ., has rncontly bo.-'n' improved with 
respect to the means of determining the high-f roquoridy equiv.alait 
n Iren. its lor the different compononts of the convertor sta.tjon. 
These improvements, alongwith tho more. o'ff ic ion t computer codes 
now available, promise the dovslopment of ciore accurato prediction 
mothods in the nea-r future. 
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Fl^.2 RreqaOncy Spectrum of iPositive 
aad i'legative Coroaa Pulsefe 

RI PROP IGAT ION Mil ISIS 

Intro duct ion 

Corona on transmission line conductors gen^, rates random 
current pulse trains, wRicln propagate along the line, undergoing 
attenuation aad distortion. The objective of the propagation 
analysis is therefore to determine, from a knowledge of torona 
generation and the electrical characteristics of the line, the 
RI currents at any point along the line and subsequently, the RI 
field strength at points under the line. Some basic concepts 
involved ih the propagation analysis are reviewed below: 

Power density spectra of random signals. Thf* RI performance 
of transmission linos is generally exprossed,, ns* a function fre- 
quency. Cbnscqurntly, the RI propagation analysis should also be 
carried out in the frequency dpmaine . It is th^rofore n-ebessary , 
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to detcrmmo the most appropriate method of roproscuting the 
geaeration, propagation and measuram ■'at'” .aspects of RI in the 
frequency domaino. 

Por periodic or trafisient signals, uniquely drfinc-d in the 
time domaino, Fourj^.r transform tcchniqu-s a,r© used in order to 
represent them in th'- fr<^quoncy domainc. Howevar, since corona— 
generated RI is char icterized hy pulso trains, in which both th'' 
amplitudes and separation tim^-s of the pulses, vary ratidoBlLy, 

conventional Fourier 'tr?irisform techniques crumot be used. Ihe 
most appropriate method of ropr'^sent ing such signals iii the fre- 
quency dom.aine is in terms of power density sp'.'ctrum, which is 
related to the mean square value of the signal rath- r than the 
instantaneous amplitudes. The concept and some propertirs ->f the 
power density spectrum, are explained in the following. 

Gonsidoring a random signal f(t), the av:-r.agc. power in the 


'f^(t)dt (1) 

It is soon that P as dofin d by (1) also corresponds t'-^ the 
mean square value of f(t) , i.f .'f"f (t) . 


signal is given hy 

T/2 


P = lim 




T/2 


If now it is assua\fd that f(t) is truncated outside it j 

> T/2, the Fourier transform of the resulting s ignal f,p(t) ®ay 
be defined as Fj(w). The energy of the signal fj(t). is given by 

f '• 

^.T ~ ' j ^'2 

By applying Parseval 's theorem, we get ' 

®T ~ j" I ^ d w . (3) 

, €aj’ .* V 1 < 


\ P 
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But', "by definition, 

f 


<>CJ 


T/2 

r 


f J(t)dt 


f^(t)dt 


( 4 ) 


■Co 


-T/2 


Using '( 3 ) ( 4 ) in ( 1 ) , the average power is given By 

T/2 

-,' 7 - 

1 / 




P = Lim 


T 


-J 

-T/2 






Lir.i - 


Sj(w} 1 


dw (5) 


T 


In tine above equation it is seen that as T increases, - the energy 
“ , • 2 
of f^(t) and honco and hence j P^(v) j also increase. In 

tho liinit as the, quantity |Pm(w) j^/I o\ay approach a limit. 

^'exists* ws define (p(w) , the pow-r density s poet rum of f(t),. as 


(p( w) = L im 


w) 


(6) 


The av€-rage power P is thon given as 

T/2 

i / 

4. 

T+v> 




P =jf^(t) = Lijn ^ / f'^(t)dt 

'-T/2 


1 


2 a 


(p( w) dw = 


I*.- jh *- 


I cp(f)cl£ 


( 7 ) 


Uk* ' 


where w. = Bitf . It may bo noted that, since Pm(w) 

Jn' ‘ > ("“*■ ‘ * X *' ' I 

P^(w)Pgi (w) = Fj(w)7'^9(w) is an even function of W . Equation 
(7) may thcroforo be written as 


P ;= ,V?'^tl =• - 2 / 9(f) df 


( 8 ) 


It is soon from (6) that the power density spectrum retails 
only information of magnitude of the frequency spectrum Eg,(w) and 



thn-t the phase infomiation is lost. It is olso dear from (8) 
that the power sp-. ctrol deasi'^y (p(f) represer.ts avorogo power in 
the signsl f(t) at tho frequency f • 

SoEio prcD*^' rt i'" p. of power a^’ceity PT)'''Ctra which will he use — 
ful later on are summarized below: 

a) If a random signrl fj_(t), hawing a power density spectrum cp.(w), 
is passed through a liei'^ar filte-r dcfixic-d by a tra-iF.j-'’r funct;— 
ion H(w) , the power deusit 3 /r spectrum 9 ^(w) of the resulting out- 
put signal is obtained as 

9^(~w) = t H(w) I ^ 9.(w) ( 9 ) 


b) If several rs/idom signals f^(t), fj^ 2 ('^) ^in^^^^ halving 

pofyrer- density spectra 9 ^(w) , ‘Pin^"'^^ respect jvely, 

' are passed through a linear filter defined by a transfrr func- 
tion H{w), the power density spectrum of the result jag 

output signal .is obtained as 


m (w) = 


n 

/i. 

D=1 


|h(w) I 


( 10 ) 


c) If a random signal f^(t), having a power de-oBity spectrum 9 ^( w) 
is passed through an ideal bandpass filter tun'-d to a frequency 
f^, haviiig Uiiqt gaiii and a banuwidfch i>f ^ the rms value of 

the resulting output signal is obtained as 

U = f2ffl.(f 1 h f (11) 

where 9^1^^) denotes the power spectral density of the jnput 

signd at the frequency of tu ning f . 

o 

The property descrj.be d in (c) abo-vo and the equation (11) 
give a method of measuring the power density spectrum of a signal 
using a radio noise meter which has the- capability of m'-^osuring 
rms values . 
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B. RI excitation fuaction; The gf^nr v'n,tio:x of RT occurs orrr the 
entire length of conductors ol o trnnsmissira line, fhe genera- 
tion can be either un if omi or nonun if orm over the length of the 
line depending on whether the wooth'-r conditions ar<' uniform over 
thG I'.-'ngfeh of the lino or portious of the line are subject to 
different weather conditions. 'IK--- conc-opt of Rloxcitation func- 
tion has been found to bo vory useful in tho analysis of RT from 
transmission lin^s in cases of both uniform and nouuniform corona 
ration. 

for the single conductor transmission line shaT;fn in Pig . 3 , 
consiuor the movement of a charge J genrratod by corona 4s -th-' 
vicinity of the conductor, fhc current irnoucod in the conductor 
due- to the motion of the charge may bo obtain. .al 'by applying thr 
Sho.ckloy-Ramo theorem* a.s 

i = V 


( 12 ) 


P 


P ig . 3 » 

where, S is the vector electric field, at tho point whore the 
chargf is locat-'-d, produced by the a-pplication of a unit potenti- 
al to the conductor, o.nd v is the velocity of tho charge. The 


*Tho ShcclcLoy-Ranio theorem states that, in a multiolectro do system, 
tho current induced in the kth oli^ctrodc due _1ip _tho motion of a 
charge *•' with a velocity v is given by 1^= where is 

the olectric field vector produced at the point whf^^ro th"’ charge 
is locatad by tho application of unit potonti*^! on the-kth clrfC- 
trodo and zero potential on all the other electro des,. 
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el&ctric field is nlraost radj'?.! t7 If conductor surfaco wTafro 

cjrona occurs, and its uiaga Itude 'is grjeict by 


The current 



induced in -tto •<3ea cla .ctor is 


(13) 


tberefnre obtaiiicd 


as 


i = .i . 


:»G„ 

2ae;- • 



(14) 


wbcre- Y is the radial Yclu ciiiy ccomp- oa».oiit: of th.o charge. Equation 
{ '1 4) can bo rewritten as " - 


X = 


(. 


. v = 


0 


Z 1t£, 


(15) 


Y^ is f=i If aa ot only of the space charge 


‘0 0 0 
In equation (i5),i' = ~ 
moYbmeht near the conductor. Tlif co-rr'-entr induced in tho C'.’Qduc 
tor may- therefore be cons id-ered as d-op-i.aiAlng essentially on two 


f acto rs i 

1) Ihe ‘-capa.citance of tb^ coaductror, ifl'Mc:! depends only on the 
conductor conf igurat im, ■•ynd 

2) Iho density and moYecn-nt ('x sp'^^ocf c‘ br*go near tlv’ conductor, 
which depends only on the alcrc-irbc d distribution in tho 
c ''y n due tor y ic in ity . 


The term T' in equation (15) is deefijiaco p ^-.g tho excitation fane 
tion. 


In tho context of RI geQdr'^.'lfciojQ, i roprosonts th'=’ random 
current puls-* trains induced, in tlnr mania. ctor or, more appropri~ 
atGly, th£! rms yoIup of th^ cuT'>r>-’Cit --at s given frequency, which 
would be measured by a radio aoSsFa ti -otat'r according to equation 
(11). Consequently, the nxcifcafcicoa xfansict: ion is also exprossed 
in ti. rms of a rms value or iiidirrcceti^ : in . t<^rras of the power spec- 
tral density. 
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Ihe princlp^L adyantH-'3;e of the conoept: of RI oxcitatioa 
fuuctioa io that it is iiic>oc:iClont of the conrltictor or line 
geometry. Thus, i"' ca,a hr iPoaRurecl iu o. Binplc ge-^n,'ietr 3 ^ such as 
a test cage?, and used to predict the RI pr^rfermance of a practi- 
cal 1 in o CO ni igu r a t io n . 

In the case of a mult iconuuc ter line, equation (15) ioay he 
gener^dizecl to 

[i] = ,-2^ d-] (16) 

where [ i] is the vector of currents induced in the diffrront 
conductors, [C] is the capacit,ancr matrix of th'^ lia"', and [ f' ] 

is th'' vector of' the gencro.ted RI excitation functions. 

RI Prenaga-t ion on a Single Conductor Transmission Line 

OonsiO.er an infinitely long single C'''nductor transnission linc- 
with uniform corona current faj’^'-ction of J per unit length, for 
an oleirirntal length of the line, the cquiv^ont circuit shown 
in fig.^ applies. Prom cons i da ra.t ions of the v?lt:ages and currents 
as shown'' in tho figure, the foil'* wing differential squat i'.uis are 
ohtainc d. 

S=-ZI ■ (IT) 

= - yv -f J ( 18 ) 

Since the corona current iiijoctcd is in the form of ran^lom pulse 
traixis, J and, consequently, also I and V are rms values at a 
given frequency, z and y aro the series and the ,shdnt admittanco pvr 

. t Hvi. ■» «. i {.'s’ id y-s.. J? <i 

unit length of the, phasic tf’ansmiss ion lino theory that Z =Y‘z/y = 
characteristics iripoi.hncc of the lino and y — fzy = a -r- jp' is 

tho propagation constant of th? line, a being the attenuation 

constarrb and p the phase constant., K may .also b-a rccallod that 

a sinusoidal curront i(f) at frequency f, injected at a particular 

point of the transmission lino efividos equally as shown in Pig. 5 
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and propagators in both directions. The current i(f‘) nh n clisita'ico 
X on cither side- 'of thP_ po^.int of injection will then bo 

( 1 ^) 


yf) 


i i (f)e“^'' 


A transfer function H(f) ciay therefore bs def 3 nea as 
H(f) . 


yf) 


1 _ “YX 

O^. = 2 " ^ 


c 20 ; 


Returning to the randon nature of the corona currenl; inooctc'd^ the 
unifornt corona generation Kay be represented by the injoftion of 
a current having a power spectral de-ns ity of (p^(f) per unit length- 
Referring to Pig. 6 tA injccticn of 9 ^(f)dx at x produces a-i; the 
.point ,of observation 0 . a current having a power spectral don si.ty 

^[k I 
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2 

S<p(f) = |H(f)! r>Jf)dx (p^(f)dx (21) 

The power sppctrol density (p(f) of the "tr^toH currmt following ot 
0 is therefore, ohto.ined o.s 


9(f) 





- CVCi 


90^) 

2 



o 



(22) 


The result of_ equation (22) c.an bo e^xprsegsGcl in tori’^s of the cor- 
responding rms vnlurs of the currents I oncl J as (compafv^ Bq. (1l)) 

I = ^ ( 23) 

2fa 

Equation ( 23 ) is thus the r.-quir>-'d solu-tioa to the different iol 
equations (17) and (18). 

Th" last step in the RI analysis of the s iuglc conductor transmi- 
ssion line is to cnlculito the electric anu magnetic field compo- 
nents at thf ground lovra from the curr-cat 'obtain'* d in ( 23 )^ 




V 


h<~ 


>s 




P ig.7 



Hef erring to the nngnrtic f aV-ld ^-t 'aiay' point is chtniiiecl 

(assuraiag a porfj^ctly coa duct ing 'earth) as 


H 


L. 

2 % 


2ii 


^2 2 
h +x: 


(24) 


Finally, assamixig a 'lEM poocis of wave propagation, tho correspon- 
'ding Gloctric, fiolc. is othained as E = Z^H, whero ‘‘Z^' is-th'" wavo 
ir^pcdanco of irc-e space;. Since Z^’'.-120 ts;, we obtain 


S = 60 I. 


2 h 



(25) 


RI Proragatioa on a Malticonclactor Pr^nsmiss ion Lins 


In analogy to equation (17) and (18), the equations defiiiing tho 
■RI propa.gation on a mlticonductor lino, including corona gea-'r-^- 
tion along the conductors, maybe written' as 

-fc [T] = - [z] [I], , ' (26) 

-fj [1] = - [y] [T] + tJ] (27) 

whore, [V], [I] and [J] are crlunn vectors of the v-^ltago and 
current on tl^' line and of th^' C‘.Tono, current densities inj-ct'nl 
on the cor.'dUGtars, [ z] and [y] aro square matriaes of sori-'S im?-''- 
dance and shunt admittance per unit length of the lino. Th'O 
square impedance arid admittanco matrices copiprise, of C'^ursG, 
self as well as mutual terms. Thus, equations (26) and (27) 
represent a set of coupled differential equations which have to* 
be solved simultaneously. Direct solution of these equations is 
therefore an -extremaly difficult task. i 


Modal analysis is used to simplify -equations (26) and (27) 
into a number uncoupled sets' of oquati<;ns which can each he 
solved as in the case of a single conductor transmission liie. 

In OTC-^T to further simplify tho analysis, tho modal decomposition 
of the equations is carried out assuroiig a lossless lino, and tho 
effect of losses is intro diucod later for each of the modes in tho 
form of madal attonuatioa factors. 



- 1 5 


Wovf, if [r-] repr<=sents the 'g'K>-meti"io jpatrix' of tiae Hi—jie, with 
the ffiatrix elements 


2h, 

g . . = In- -7--=^ 
r. 


g 


iO 


In 


hj 


( 2 - 8 ) 


where, h^ is the height above ground of the- ith cocrida ct :or, 

is the radius of the ith conductor, D . . is the dds'baa cc ^ between 
the ith conductor and the imago of the jth conductor -in _ th ground 
plan.- and d. . is the distance between the ith and itL c 50iiCi*iictors, 

•L >> 

the- impedance and admit t.arice ■matric'-''s ma7 bo wri'tton as 

[z] = „ [L] = -^ [G] [2 9) 


[y] = w [0] = w.2ite^ [G] ■ (30) 


where, w = 2iTf, f being the trciqu-oricy of voltftg'-s s,ni esttrrents, 
[L] and [G] are the inductance ana capaxitance matoric p's s of the 
1 m 0 • 


Also, from (16' , 


[J] = ■ [0] [’'■] = [V] 

Substituting (29) to (31) i^i equations (26) anciC2'7), 

-ij [7] = - 2— C®] [I] (5 2) 

-n [I] , - [GJ-Rt) + [G]-’ [TD (33) 

SFow, let [M] bo the modal transformation matrix of G, UL.e. 

[M]-’ [G][M] = [A]_j 04) 


where [A]fl is the dingonal spectreJ. mstrlx of ] . i^so , let 


m = [M] [T^] 

.[I] = [M] [I^] 

[J] = [M] [JJ 


[f] = [K] [Fel 


( 55) 
(56) 

( 57 ) 
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V . I and J in the equations above the- model ■oompo’* 

Q ^ O C 

nonts of tbsv volt^ag’r; aticl currents* Substituting i3o) (37) i-U 


( 52 ) and (33), • ’ 

[M] [Y^] = - 2-ir [9] [M] [I;,] (78) 

' ■ "H [M] [y = - '•'•2*0 [\]+[9]"’[l’][ro] (79) 


These 'equations can be rearranged as 


= - 2Tr [“3'"' .[9], [>*] [Io3 

[I^] = - w.2w^[M']“’[S]“’[M][T^]+[M]~U9]*’[M][re] ('(D 

oh further simplification, 

‘ -1 "WU 

=-2ar[ Ala [y ■ <^ 2 ) 

|j-[y = AlaVal [r,] (4?) 

. A 

Since and [A]^ arc both diagonal matrices,' equations (42) 

and ( 43 ) represent sets of uncoupled difforential equations* For 
an a-coaductor . system, there will bo n sets of d afferent ial equa-~ 
tions, corresponding to the n modal components, similar to equa- 
tions (17) a,nd (18). Therefore soluti.-'-is similar to ( 23 ) 'a,rc 
obtained for each of the modal compone-nts. 


By comparing equations (42) and (43) with ■( 17) and (18), the modal 
characterist ics impedance matrix of the line may be obtained as 




2 % 


2%we 


o 




_ 1 


2w'y e. 


[Al. = 60 [A], 


Details of application of the modal analysis to actual HI cal- 
culations are illustrated by considering a practical example. 
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Bxag'Ple of RI Calculatioa 

The ffi 9 .thoci of RI calculation described above is illustrated 
by considering HP’s 765 kV line co nf igur at ion . The conductor 
height is assumed to be equal to the average conductor height of 
60’ (18.288 m) , and the influence of ground wires is neglected. 

The calculation procedure comprises the following steps: 

Step 1: Tho first step is to calculate the maximum bundel gradi- 
ent for all the three phases of tho lino. Ror following th^"' 
phase number the gra,die-nts are: 

B, = E, = 19.67 

®2 = 21.10 

step 2 : This step involves thr determination of the RI excitation 

of the three phases, from a knowledge of the 
maximum bundle gradients of step 1 , This requires in turn a prior 
knowledge of as a function of B for the bundle under consadera- 
tion, which c.an bo obbainrd either by testing the bundle in a 
test cage or on a test lino or by using empirical formulas already 
developed ^ on tho basis of extensive tosta. For conditions of 
heavy rain, refer^-nce 4 to 6 propose empirical formulas for 
dftenmining tho'p for any given conductor bundle. Based on the 
results of these r'- f '-'renecs, th-^ following values are obtained for 

f 

=Y-'^ = 46.5 as above 1 

Y '2 = 48.7 c2B above 1 pA/m^/^ 
or =Y'^ = 211.3 pA/m'’/^ and =' 272.5 pA/ro^/^ 

Step 3: for the liuie configuration, under consideration, the geo* 
metric matrix [G] defined by equation (28) is obtained as ' 


5.15 

1.05 

0.51 

its 

0 

• 

5.15 

1 .05 

0.51 

1.05 

5.15 


functions y 


[S] = 
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Stet)' 4 I This step- in^olTres solution of equation (M) to ohtain 
the modal transfom^atioo. matrix [M] and the diagonal spectral 
matrix [A]^* Equation ( 34 ) may he written as 

, [c] [M] = fAla [f] 

or 

^ ^ ^12! ^ *1 ^ 

®21 §22'^ ^23 

§31 g ^2 

The above equation has a nontrivial solution'; only if the determi- 
nant of the first matrix is zero, i.e. t, , ' ' 


N 

11 

M 

12 

M 

13 i 

1 


M 

1*21 

M 

22 

M 

1*23 

0 

11 

M 

31 

M 

32 

33 




ipA 

^12 

«13 I 



21 

§22^ 

§23 

= 0 

( 45 ) 

31 

§32 

§33 A 




Equation ( 45 ) reduces to a cubic equation in A, the solution of 
which, using the matrix elements of -G obt<=in-d in Step 3, gives 
the -following valu-s of A : 


Ai = 3-91, A 2 = 4-64 andA^ = 6>91 


Substituting each of these values in (44) gives us the colums of 
the modal transformation matrix M- For Ai = 3-91, we get 

1 . 24 " ‘ 1 .05 „b,. 51 ', 

1.05 1 .24 ’ 1 .05 

0.51 1.05 1.24 

or 


-M 


M, 


11 


■21 


M, 


31 


0 


1.24 + 1,05 + 0.51 = 0 

1-05 M,, ■(- 1.24 Mg, 1.05 M = 0 (46) 

0.51 M,, -f 1.05 Mg, - 1 - 1.24 H,, = 0 
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S<luationB (46) is a set of hon^Oigoaous equations, and only two 
of the throe uakaowns can he- di tormin"- d iadepeadently. The third 
unknown has to he chosen arbitrarily. Choosing ^ =-1*0, the 


solutioa of (46) givc-s’ ^ 2 ^ 
Thus 

' M. 


-1 .68 and M, 


31 


1 .00 


M 


21 


M. 


31 


1 .00 
- 1 .68 
1 .00 


Por purposes of aomial ization, the ele ments of the coluron vector 
ahovo aro divided hy / + ^1’ noriyialized vector 

is then given as 


^11 ~ 


0.456 

^^21 


-0.765 



0.456 

_ 3 IJ 




The other two columns of Vhe [M] matrix are obtained similarly 
by determining the. normalized eigen vectors, corresponding to 

^ = 4*64 and A = 6.91* The resulting nornializod medal trans- 

^ 3 

formation Biatrix is obtained as 


[M] 


0.456 -0.707 0.541 

-0.765 0 0.644 

0.456 0.7Q7 0.541 

Stop 5 : The next step in hho calculations is ^determination of 
modal components of corona current injections. Prom equation (43) » 
the equivalent corona current injection is given as 

-1 


[Jcl = CAladrj 


[M]-’ [P]"’ 


(47) 


Since [M] [ | '^] = [f ] 
How, 

[I^]' 


•1 


0.456 -0.765 0.456 

-0 .707 0 0 .707 

0.541 0.644 0.541 
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and 


[a]^' = 


Therefore 




r 0.2G3 

- 0.039 

-0.012 

“*-0.039 

0.210 

- 0.039 

-0 .012- 

- 0.039 

-0.203 

1 

r 0.117 

-0.196 

0.1 17 

-0.152, . 

- 0 

0.152 

0.078 

. 0.093 

0.078 


Uow, if assume RI generation of Phase I, 


[F] 


[ Jc] is then’ obtainod as 


rr 

“ 

21 1 -3" 

0 


0 

_ 0_ 

j 

0 


\xA./nf 


, 


0.117 

-0.196 

[Je]=[M]"7o]"''[r] = 

- 0.152' 

' 0 



0.078 

0.092 

or 



” 24.64 " 

- 

J 52) 

c 

= 

-32.19 

I jf 

J 

L. ^ - 

t - 

- 16.54 . 


0.152 


h 1 .3' 

0 

0 


where the superscripts 1, 2 and 3 represent. -the mode ’ numbers . 

The corresponding modal components of tho currents in the condu- 
ctors are obtained by an,alogy with equation (2"3) as 


't (1)1 

c 

l'‘(2) 

c 

■■ , , 


T (5) 




( 46 ) 
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where <x^ j <X 2 modal attenuation coastRuts"^ * Based 

on measurenients on actual traiistnies ion lines, the nodal attenua- 
tion constants may be assumed, as 

= 0*173 X 10~^ Hepers/m (0.15 dB/km) 
a 2 = 0.115 X lO”^ Nepers/m (1.0 dB/km) 

= 0.691 X 10”*^ Bepors/m (6.0 dB/km) 

Substituting these in (48), 


fl “ 

0 


2964*6 

I ^2) 


-1500.0 

1 

H 

0 

1 


314.7 


pA 


Binall.y, tho corresponding phase currents arc obtained using 
-equations ( 36 ) as 

T ( 1 ) 


( 2 ) 





CM 

M 

13 

I2 

= 

«21 

“22 

M 

23 

_"3 ' 


M,, 

_ 31 

M32 

M 

33 


I 

L c 


(3) 


conductor 




ynoA-Q 

1 

2 


^ 1 2 5 



0.456 -0.707 0.541 


2964.6 

-0.765 0 0.644 


-1500.0 

0.456 0.707 0.541 


314.7 


pA 


t hr ee co n du c to r s . 
results in currents M 


It is soon from ( 49 ) that oenh modal current flows in all the 

( 2'1 

the modal currant for oxample, 

(21 ° (2) 
^2 flowing in conductor 1 , ^ 22 ^ 0 ^ 

in conductor 2 M^ 27 q^ ^ i^ conductor 3 * The modal current 

distributions in tho threo conductors' can be represented ..as • 

shown in Bigs. 6 (a), 6 (b) and 6 (c). 


(49) 
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Figure 8(a) Mode 1 
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■ P'^i^ure' 8(6) ■ Mode 2 currents 
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Figure 8(ct Mode 3 currents 

In tile above, i;lie current compoaets in the three conductors of .any 
given mode are in phase with each other. The current componcnfcs 
corresponding to the different modes, however, will not bo in phas 
.becau.se of differences in the velocities of propagation of the 
different modes. Although more sophisticated methods exist® for 
-addition of the- different modes, a simple rms addition will ho 
assumed in the following. 

ate£^: The next step, after determining the modal RI currents 
in the different conductors, is to c-ilculatOi- the electric field 
coc^onent of RI under the line. Iquatiod (2'5). is utilized for 
this puipose to detemine the electric f;ifeld at any point due to 
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oach of thr^ thrvc niodal current distributions- Por any -point on 
t-be ground, at a lateral distance X fron tbi' centre phase, the RI 
field duo to the inocis 1 currunt distribution is obtained as 


= [P^(X) .l/' + F 2 (X)l 2 ' ] (50) 

where node 1 currents in conductors 1 , 

2,3 respectively and P^ ( X) , P^C'X)' and P^(X) are fild factors 

given by 


P-j(X) 


120H 

H^+(X-D)^ 


5'2(X) 


120 H 

2 2 * 
H^+X 




120 H 

H^4-(X+D)^ 


(51) 


where H is the conductor height and D is the phase spacing. 

Per X = 95 ‘ (28.956 ^^) 

P^ = 3.87 j P 2 = 1‘87j P^ = 1.02 
and the nodal field is obtained as 


2^ = 1351.9 X 3.87 - 2267.9 x 1 .87 + 1351 .9 
X 1 .02 = 2368.3 p 7 /n 

Similarly, the field compononts at th^^ sane point due to the other 
two modes are obtained as 

I2 = 3027.5 pV/m 

S, = 1212.1 pV/m 
y 

The resultant RI field at the point, due to RI generation on phase 
I, is obtaiiicd as 

\ = <- B2 + = 4030.4 pV/m 

Steps 5 and 6 will have to he ropca.tod to detern^i-io the RI field 
produced at any given point due to RI generation on pha.ses 2 and 3 
respectively of ["2 =48.7 dB and = 46.5 dB. The resultant 
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fields at the point under cons idc rat; ion arc ; 

= 5437*2 pV/m 

S = 4030 » 4 ixl/r 

V/ 

Tlaf= resultant HI field, due to the RI g^'nr ration' on all throe 

phases, is again assumed to he the r.m.s. sum of the fields R , 

a* 

B, and B 
h c 

i.e B = = 7877*3 iJtV/m 


= 77*9 dB above' 1 p7/m 
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M3ASTJKSM~'I OF RADIO HSr'mfflgSRENGE 

■. , The measurement of RI from high-voltage trairismiss ion sys- 
tems is carried out using a radio noise meter, which is hasioally 
a calibrated radio receiver that functions as a tuned radio- 
frequency (RR) voltmeter. The meter comprises an input device 
which can be antenna or a probe feeding -in bo a tunod RP amplifier. 
As in the case of .a radio receiver, the output of the BP amplifier 
is mixed with the output of a varia-ble-f requen'ey local oscillator 
to ob^t.ain a fixed intermediate ‘-frequency (^IP) signal which is 
further ansplified. Th-"' comb inaction of RP and IP stages functions 
effectively as a calibrated tuned bandpass filter. The IP output 
is then passed through a det^ ctor and appropriate weighting cir- 
cuits to measure the peak, qu,a,sipoak, average of rms values of tho 
interference. A dcta-ilcd analysis of the radio noise- meter respo- 
nse to random pulses is discussed in • 9* 

Th-: r'^dio noise mister d£.'scribed above, standardized accor- 
ding to AifSI or OISPR, is used to moasuro th^'' RI from transmiss ion 
linos and stations. In making such msasurements , particular 
attention roustbe paid to tho selactjon of the-^ location, the cali- 
bration of the measuring instrument, the background noise levol 
and a numbe-r of other factors. A comprehensive guide to the 

10 

measuremont procedure has boon publish‘'"d as an IBBP standard , 
which is nowuridorgo iiig revision to updat.-'' and extend its range of 
appl i c ab il ity . 

S inglo-Oonductor Line 

Prom the point of view of RI analysis, a single conductor 
line may represent a. single phase AO or a monopolar DO line. In 
the cases of a s ingle -conductor line, Pab'ro^ ^ established in a 
heuristic manmor that the gcomiotric mean of the envelopes of the 
maxima and minima, of tho RI frequency spectrum of a short open- 
ended line- is identical with the RI frequency spoctrum of a 
corresponding long-line. 'Holstrom^^ and Perz^^ provided the 
necessary analytical proof of the geometric mean method of deter- 
mining the long-line RI performance- from measurments on short 
open-ended lines. 
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Cons itlc ring tho cas- of the opm-cncicd tost line at IREQ, 
•which is 273 n long and has a natural roBeuanc>. fr^'qucncy ^^=1 •IKHa 
Fig .9 shows tho shows the frequency spectra of the magnetic field 
field measured at ground le'vel directly helow the centre of the 
line, for a constant uniformly distribut'=d RJ excitation function 
of ’['= 0 dB aho've 1 p,A/ni ^ at all frequencies and. for different 
earth resistivities from = 0 to 10, 000 ohm-m. Tho t'’'st line 

IT 

comprises a 6 x 1.6 ( 4.064 cm) conductor hundlo nt on a,VGrri.go 

conductor height of 12.2m. The earth resistivity is an imp®rtnnt 
parameter since, during long -terms t'''sting, the '-arth r''sistivity 
may vary over several orders of magnitude depending on th' nature 
of tho Soil, tho temper'^turo and humidity variations in the soil--, 
etc. The results clc-arly show th^it the earth r’;sistivity has a 
large influence on the amplitudes of the- mnxinva and a much l«.sscr 
influence on the amplitudes of tho minima. Tho froquoaci-'S at 
which the maxima and minima occur are also reduced with incroasod 
earth resistivity, due to the rcs'alting roducod velocity of 


propagation. 







O 


to 2 *-' 

F r 

Pifi. 9 spootrum of HI uodcr an opoo-endod 

o ingxo— conductor line* 
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- Tlie practiaal irapl icatioa of the results of Fi^.9 is in 
the choice of a measuring- frequency for purposes of long-term 
recording, of RI. As pointed out hy Lefevre^'^, the frequenci'.s 
near the maxima are not suitahle hecause of tho extreme sensitivity 
of the measurements to siight frequency varjations, and measurements 
near the minima may be affected by ambient noise. Frequencies 
ixi between the. maxima and minima h-^ve therefore heon suggested as 
ideal for loug-^term measurements. It is seen, however, that 
frequencies- batwieen (2a-l)fQ/2^^"'n=l*,'’ 2..., are also 'subject to 
considerable variations in earth resistivity. On the otb'-r hand, 
frequencies between nf^ and. (aa-r1)f^/2, n=1,2... show much less 
Variability due to variations in and tb-'rofore appear much b€-tter 
suited for long-term measurements. More precisely, a. value of 
abodt (2n+0.6)f^/2 seems to be the best measuring frequency. 

Another aspect which nay affect tb- accuracy of the geoE\e~ 
trie-mean appioach is the bannwidth of the measuring instrument, 
especially at low earth resistivities. Tho ge.ometric-mcan method 
is based on tho theoretical maxima and minima of tho frequency 
specti-um. However, the finite bandwidth of the measuring instru- 
,mpnt reduciis tho mcasu-rod noai- compared to the theoretical maxi- 
mum. For tb-- line considered, for exemiplc, at >" = 0 ohm-m, the 
measured peak with a 5 KHz bandwidth (MSI) instrument will bo 
about 16 dB lowe=r than tho theoretical m^ximum, r-osulting in an 
8 dB orrd'r in tho geometric mcanJ ' For = io ohm-m, however, 

-this .-errors!, ia-vraiacod to -about 0-.5-''<3B'y 'which is negligible. Thus, 
for normal val:ues of earth 'resistivity, the etror duo to instru- 
mc.nt bandwidthi' is’ nsgl igible • All thd ‘frequency spectra reported 
in, this paper -are calculated assumin-g-a meo.suring instrument 
having .a bandwidth' of 5 kHzi ^ ‘ 
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Bi-pol-ir DC Line 

M exsEiple cf th'^ t¥0~c$nductor transmission line is the 
bipolar DO line, neglecting the influence of any ground wirrs 

present. In the case of a bipolar ,D0 Ihie, RI,gencrat'.:ci by 
corona on the positive pole, predominates completely over tli'it 
generated on tho negative. polOj so that for all Practical purposes 
RI generation on the negative, polo can bo neglected. Although 
RI generation occura onl.y on ono conductor, tho RI propagation 
■on tho bipolar DC Ihic is composed of two distinct modes. In 
the following, tlB case of th'' short bipolar DC test lino ,at 
IRBQ, al,so 273 n't long as in t,hc caso of the single-C'^nductor line, 
is considered-. Ihe line comprises 6 x 1 .6 conductor bundles on 
each polo, at. a pole spacing of 15*2 m and an average conductor 
height of 15*4 m. RI measurements with the liiic either open- 
ondQd or terminated are discussed. 

As in the case of tho single-conductor lino, RI measurements 
may be made bn the bipolar DC tost lino with both ends open. It 
is not obvious, howev^^r, thB,t the, goomotric meon method, which 
has been proved analyitcally for a singlo-conductor lino, applies 
also to the case of a bipola,r DC line. The RI propagation on 
the bipolar DC line is oomposed of tho ground mode and lino mo do 
which propagate with different velocities and different attenua- 
tion constants. Although tho open-circuited ends of the lino 
pipduce reflections, they do not give rise to any intermodo coup- 
ling. Tho analysis developed is, therefore applicable to this case. 

The frequency spectra of the RI magnetic field measured at 
ground level at the centre of the open-ended line, for'f '.,^ = 0 dB 

and S __ = - --r aad foi? three values of earth resistivity am® 
shown in j^ig. 10. The two peaks occuring in the region of the 
maxima correspond to the two modes of propagation. The sharp 
resonance peaks correspond to the line mode of propagation^ and 
are affected by variations in earth resistivity, although to a 
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much losser extent than the giroand' mo de . The lowor^iampl itude 
second peats correspond to the ground mode propagation . The amp- 
litudo as well as the frcq.aGncy of occurrence of the ground mode 
peaks vary wdth the earth realist ivity, reflecting corresponding 
changes in modal attenuation and velocity. The da.shed lines in 
the f igure correspond to the geometric mean between bhc maxima 
for the three values of f' considered. Thv^ solid lines correspond 
to the actual long-line frequ'^ncy spectra cSilculated for f' = 0 

"T 

and P__ =-'.'''’dB. The results show that the geometric mean of the? 
maxima and minima does not give thr corresponding long-line RI 

level. It low earth r'^s ist iviti'-s , the difference between the 

geometric mean and the long line RT levels is negligible. The 

orTOr increases, howov.-^r, x-j-ith inor'-asing earth resistivity. 



Fig. 10 RI frequency spectrum, at 15 m from positive polo, 
of an open-onded bipolar DC liuio. 
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Three -phase AO Line 

RI propagation on three phase AC transmission lines is 
characterized hy three modes* . The modes are convent ionally 
numbered in the order of decreasing attenuation, with mode 1 
having the higher attenuation and mode 3 the least attenuation. 

Por a flat three phase line configuration, the mode 1 - knon® as 
the ground mode - corresponds to current flowing out hi all the 
three conductors and returning via earth, mode 2 to curn'nt 
flowing out in one of the outer conductors and returning via the 
other, and mode 5 to current flowing out in the two outc. r con- 
ductors and returning via the central conductor. 

Three phase AC lines are also characterized by RI gc'n '.ra- 
tion, of about the same order of magnitude^, on all the t^n.'c 
phases. The corona activity on each phase c’''ndactor occurs during 
a short period around the peak of positive voltage, on that con- 
ductor. Thus, RI on a three phase lini.' is goner.atcd as a result 
of successive bursts of corona pulses separat’- d f r im e.ach oth'r 
by a time interval correspnding to 120*^ of the applied alt. mat- 
ing voltage. Forpurpos.es of propagation analysis, however, the 
RI generation on each conductor should bo tr:at.';d SGparat''‘ly. 

The measuring instrument, on the other hand, integrates th' con- 
tributions due to the excitation of each conductor. Dep^ndiing 
on the type of inst^rument used, the contributiens due to each 
conductor may bo subject to rms addition (rms dct-'ctor) or to CISM 
addition (Qp detector). From a practical point of view, the 
difference between the two methods of addition is not significant. 
An rms addition is therefore assumed in tho following. 

Although only one conductor, is oxoited at a tireic, curroxibs 
flow in the other conductors also 5.ue to the existonce of all the 
throe modvs. Thus, in the cases of both short ^id long linj. s, a 
modal analysis of RI propagation should be carried out for the 
excitation of each conductor, and their contribut ic>ns addrrd 
appropriately at the m'caduriag point. 


? 
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RI IT n as arc meats on short three phase tost Idiios are genera- 
lly carriea out with t'he line open-ended* -Some attempts hare 
1 'H 

also been made with the line terminated at, , -one end ,ap.d open at 
the other. The case of an open-endea line is discussed below. 

A 732 km long three phase test line, similar to that at 'Apple 
G-rove is cosidered for purposes of illustrating the application 
of the proposed analysis. The line comprises 2 x 1.6” conductor 
bundles on all three phases, a phase spacing of 10*7 m ana .an 
arerage conductor height of 18.3m. 

(1 

Rigure 11 show. the spectra of the RI electric and magnetic 
fields, at" ground lorol at the centre of the line and at 'distance 
of 15 m and - 30 m respectively from the outer phase, namely con- 
ductor 1 . 



Rig.11 Rrequeacy spectr.a of RI electric and magnetic fields, 
at 15 m and 30 m from conductor 1, for an open-ended 
three, phase test line. =0 dB, ~T'‘~ oo dB . 
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APPTSMJJTX - I 


RADIO NOISE PREDICTION EORJIULCS FOR AC LTnES 

The basic character jsfc ic enuatiok for all corr.pnnt jve 
methods (ie; the methods which use empi3'’3col rela.tjoa) can bo 
expressed in the following form; 






B ; calculated PIT level of a lino jn dD above. 1 jiV/’i’ 


Bq swell defined Ra rofcmice valu.-, followed by corri''C t ’Jon 

fa«tors in d3 for gradient, diameter, buncil', dict'-nc’; , 
frequency, and foul weather. 


Symbols used la formulas 
g = maximum gradient 

® = average gradient kV__„/cm 
a. - o rms' 

d = (Sub) conductor diam''ter, cm 

n = no of subcoad. in a bundle. 

D = conductor to antenna, or radi?i distance, nu 

h = line height, m 

f = frequency, Mz 

S = bundle sep.sration, cm. 

P = gradient factor ic s 

p = 2(n-1) sin(TC/n) or 

p - 2.0 for n=2 

P = 3*48 for n=3 

P = 4.24 for n=4 

4O0kY~FG-( G-crmcnv'l at 1 Mz 

D = 53*7 ± 5 + K (gj^ - 16.95) + 40 log + Pl^+20 log 

K = 3 for 750 k¥ cls^s ^ 

E = 3»5 for other lines, gradient limit 15~l9k7/cm 
= 0.4 dB for single conductor 
\ = 10 log ~ for n > 1 


A 
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= 1.6 + 0*1 for froqarncy r^^rgr- 0*5 to 1 Mz 
BTn,r = zoro for fo,ir westln-r 
= 17 + 3 for rain* 

B, . = B if B is at loa-^t 3 cIB higher th^n the fi<-ld due 

JL .LXJtW i-LiriJi. 

to any othi^'r phase- nt that location. If the differcnca hctw-''On 
tho two highest walu'-s is less than 3 dB^ 



In fair weathpr, 

B = [(3-7 - 12.2) +31+40 log + 20 log 

-12(logf)^ - 17 log f. 

lo calculate tho nax'in^uni M level in horvy rain, the p.art of 

the abovo equation between bracket [«] must b3 replaced by one 
of the following expressions i 

[10*5 gp - (gp/2)^ - 31] for' gp ^,17 
[ 4.37 gp - (Sp/4)^ + 19*5] for gp > 17 

where gp is the bottom gradient of thr- bottom, subconductor in 
k7/cm 

gp ^ — |--p 72 ^ ^ ^ ^ 2F“ ^ 

^ = angle- betwoon the maximum gradient 
I* = 0 for single and 3“'bunalr- 
= 45^ for 4 bundle- 
= 90" for 2 Bundle 
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A = 146 for fair woor’TlirT 
- - = 120 for fcal wo -it lie r 

B = 40 for horizontal lin^.'S 
= 32 for v^rtiC’iA lin's 
G = 1 for f > 1 Mz 
=0*5 for f < 1 MHz 

The RH field intc-nsity refcrcnc? valu.-s ot 30*5 21 r'^'dlol 
distance are ; 

Bq = 34 dB + 6 (50% valao, fair weather) horizon tal Ijn^’f: 

= 37 dB + 6 (50% v.alue, fair wo fit he r) vertical liuts 

= 63 dB (max. foul weath'-.r) horizontal, lines. 

= 66 effi (max. foul weather) vertical liars 

The + 6 dB included is the stnndrrd deviation 


BHBL ( Italvl 

B = 47 + 38 (gg^ - 15.0) +40 log + 10 log h, + 30 log ^ 

+ • 

= zero for 1 MHz 

2 

and = 20 log — for 5 < f ^ 10 MHz 
= correction for olrvation 




wh-ro q - elevation hi metres* 

Bor hundled conductors a“ 3=5 'j+n-'i 4-/> ■ • 

IS r^j.'^tfod to max* gradie.nt as ; 


Sa = 


g, 


m 


1 TpdT^ 



BGU ( ozeolioslovak'jla.) 


1 = 11 + 4.5 gj^ “ 34 log D + 

= o'for f = 1 ITII 2 .. 

The formula is applicable for between 12 & 20kY/cm 
aud for "(Sub) couductor dia.metor betwoc-n. 1.92 aad 3*31 cm. The 
distance correction is valid bet^Ocn 10 and 100 m. ■ 

For frequencies between 0*15 and 5*0 MEz, .. 

= -22 log f - 15 log^ f. 


Ap-ple Grove : For frrquencies between 0.2 and 16 MHz 


d 


H = 48 + 3.5 ~ 17.5) + 30 log 


+ 20 log 2.0 + ^0 (1-f) 


D 


RADIO H013F FRHDTCTTOH FORMULAD FOR AG Ln'TBS 


METHOD GRADIENT B 


g 


CCHDUCTOR 


DIAMETER B 


FRBQHEHCy 3^ 


DISTMCE B. 


D 


d 


a 


Germany kg{g^-g^) 4D 'log“| 


1+fr 


o 


20 log 5 - 

1 +f^ 


20Kj^log p- 


n 


n 


10 log “for au.ol r ox coaaactora 

p D ^ 

Japnja 3*7 40 log p 17 (log ^^-log f) 20 logj^ ^ 


+ 12(log^ f -log%) 

Q 


d 


VGBting- 3*5(g -g^) 30 leg , 
hOUQG ' "■ o 


10(f„-f) 


D. 


20 ■ log - 5-(^)2 

o 


Ontario/ A log g_/g^ 40 log p 
Hydro ^ % 


G+f‘ 

20 log — f- 


B log 


D. 


C+f 


D 


Czcchoslo- 4.5(g„-g_) 
Vika ^ 


20 log f -log f) 34 log 


D. 


D 


K 


3 for 750-kY class 


+15(log^ f^-log^ f) 


K. 


3.5 for g=15“19 k7/cm(Gcrmah) 


B= 40 for horizoritoL 
1 inns 


; 2 = 1.6 for frequency r.axigo of 0.5 to IvO MHz_ „ ^PT-tio-l ljr-<= 
A^= 146 for fair weather " vcrtic-.J. l3n..s 


C=1 for>1MHz 
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APPBNDI2 II 


RADIO lOISB PREDICT lOx'J FORMULAE FOR DC lII'fES 

^0.^ f . D 

= 51+1 • 5 (g~ 20 . 9 ) + 10 log I +A 4":'577 “ o 78 f 4 “^^ ^''^^^”' 18.6 


;=214 log^f - 278 tlog (^)]^+40 log-|~ -27 -40 log 


30.5 


" ^ * J) 

B =1 *6 g 40 lo^ ^ ^ 40 “'*■^ 0 ^^ 


B=E + 80 log --f — + 10 log + 40 log +40 l^^g 

O “ u 


D 


1+f, 


D. 


B=B^^+K*(g-g ^)+40 log ■— + 20 log f- + 29.4 log^ 


1+f‘ 


r = X' ^ (g-g^) + 40 log -f-+ 30.8 


L 

D 


0 


E=B ^+10 log' n + 20 log r + 1 .'5 (g-g^) - 40 log 


D, 


0 


K = 2.65 g < 23 kY/cm - 
= 2.0 g $.23 kY/cm 
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ai MBASUSSMSifDS ' '■METER RESPONSE • 

INTRODUCTION ■- „ 

- , ' Measurc-fn^nts. of - r-^ciio interf ereace from eloctricnl power 

equipment and lines have "been carried out since the early 

A 

thirties . A present, for the fansre of amplitude modulated 
■broadcasting frequencies, that is around 1 MHz, such measurements 
are usually carried out with eithei- of two diffehont instruments, 
the CISPR^' and the ANSI^. Both are provided with a tun-^d band- 
pass: filter at the input, the form'^r for bandwidth, the 

latter with a (slightly variable) bandwidth around 5 KHz. The 
output of the filter in both instrum<-nts is fed into a detection 
network consisting of a half-wave rect if ier,.^ a weighting circuit, 
and an indicating meter measuring the arithmetic meSh value of 
the output voltage from th© weighting circuit, see Pig.1 . 



f'trcR 


■OLTfsC Toji V'-M: f 0 1 i T < 

vs;' ft'. 


6! c Alt 


Fig. 1. Schematic diagram of a radio noise meter. 


Usually, the instrum'^nts are used for ’quasi-peak’ reading 
which means that. the weighting circuit is adjusted for 1 ms 
charging time constant and 160 ms (CISPR) or 600 ms, (ANSI) discharge 
time constant. The mechanical time constant of the ■indica.ting 
instrument is made sufficiently long to filter any rapid vari- 
ations and give- only the mean value. In addition to tho quasi- 
poak, the ANSI instrument also has a peak and an average reading. 
The peak detector is a slideback voltmeter which measures th' 
peak value of tho modulated output of the filter. The avor'^go 
detector, also known as ’Field Intensity’ detnetor, has an RC 
filter at the output of tho detector, which is dosign'-d to pass 
only tho very low frequency components (including dc) of the 
detector outnut and thus ffive the avc-^rasro value of the n'jt-nut. 
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Th.=! intent ion "behind the weighting circuit of a ciu.asi~ 

peak detector is to give a reading proportional to the distur~ 
h ing effect on human being (which is not caus«=id by the prog, raw 
itself) • It is' an interesting (Question a,s to what extent, this 
intention is fulfilled for 'the various t.yp*-s of mdio infcrr- 
ference encountered in practice; for example, the character of 
the noise from a dc converter station or a dc lin'-- is ontiraly 
different from that from ac equipment and lin''S, or from hous:-- 
hold appliances. ' However, this question has boon doalt with 
elsewhero^*^, and will not be discussc^d here. 

Instead, another problem will br analyzed, namely tho 
prediction of the ra.dio interference from high voltage ac or dc 
systems by help of mathematical (or semi-roathomatical) analysis 
of tost data on equ-ipment, or of data from tost cages and tost 
lines, and alsofrom .aacumulatod Qxpfrioncc from e'xisting linos 

t 

of similah but not identical design* . ' ' '■ 

Usually a qua-si-pcak reading is ‘util iZ'’ d for such studies, 

but it goes without saying that the readings 'from an instrument 

based on aniioyance criteria may not nccoss'arily bo suitable for 

advanced mathematical analysis. Ih^'roforn work has boon carrif d 
6 7 

out » in order to develop a better adapted iiistriimcnt for this 
particular case, more specifically an instrument bas' d on th<- rms 
valuo of the noise within thr- passhand. Ih-:ase efforts 'h"Vf. net 
boon very successful, essentially duo to inherent limitat i’M'io in 
the overload characteristics of tho instrument. 

Ih? authors Sarma and Oavsllius have used, anoth.^'r approach. 
A superficial study, based on energy cons ido rat ions, shewed 
that a conventional quasi-peak m~ tor for pulses la the higher 
. repetition rafe, and espfoially for randomized pulses, might 
give a reading. not too far from tho rmsvfauc 'of tho pulses. If 
this would' he the 'case, then the error by using tho quasi-poak 
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meter for linc^cor^ne stucli's woulci be within tolerable liniits. 

WSifcli this' in- - thc^ response of the twe metorvS in gLucetirn has 
bc-on studied in this p^pf-r bp computer s j mule tie n techniques aiid 
compared with that of an ideal rtos meter. 

It could, with some justif ica.tion, bo argued that the 
radio interference from high 'voltago power line is a very minor 
pTOblem. fhe overwhelming amount of complaints cone rning radio 
interference arises from household apparatus, industrial plants 

Q , 

end m'-uium vltagc transmission systc-m , in the lat-ter case esp so- 
cially from defective ins ulato rs * . An instrumont, which undoubtoi.ay 
is reasonably useful for this bulk of instrucionts might ojoll bo 
used even for the- specific case of measuro-m'pnts on- high voltage 
systems,. 


However, this is not the- point. • A faulty conclusion at 
the planning stage, resulting in a too^high interforrnco l^-vol 
of an EHT or OHV line , may force' rdduction of the operating 
voltage which will have enormous <=coh'>ii-lcal consequences . This 
emphasizes the importance of a corrodt prediction of the levels. 
One, or actually the most important, element in such a prediction 
is the ins trumarit i'csc-lf, ai-d if its characteristics do not lend 
themselves to mathematical analysis, e-xcossivc errors may occur. 

Habor”^ made an auslyais of the qUasi-pcak r'’sponse of the 

radio noise mater tc' periodic inp5Ulses with random amplituuiB. 

The analysis is based on the- probability density, of tho input 

voltage to tho detector and wcighthig circuits. .Consicloring tho 

q u as i-p oak dc t e ct o r c ire u it s ho wn ' in I’-lg . 3 ^ who re H R ar e 

the charge and discharge resistors, U is the .pose it ivf> eae-volopo- 

of the input voltage to the detector circuit, and is tho quasi 

Ip 

peak output voltage, tho charging and discharge current i and 

c 

i^ arc given as 

i,. 


U 


R. 


as. 


( 1 ) 
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o<i) 



p(U)dU 


( 2 ) 


where, p('U’) is the prohahility density of U * 








Fig. 2 ' Quasi-peak detector circu it 

In the eqigiatioa (2), i^ is the average charging current assuming 
that Is very nearly constant. Since the average charging 

current should he Gq.ual to th'^' discharge current, the quasi~peak 
value is obtained from (f) & (2) as 


— J (V -%) p(u) dO ..(5) 

C 


The probability density function p(U) has been obtain''! analyfcica' 
lly by Haber for periodic pulses having rectangularly distributed 
amplitudes, and the integral equation (3) is solved to obtain 

cr_. 


L 
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The method of analysis described ahcve can be extended 
to study the more general problem of pulses' having amplitudes 
as -well as the sepiratioa intervals' varying randomly according to 
specified probability distribution functions.' However, an 
analytical determination of the '"'pro lability distribution function 
p(U) foi* the general case is extremely complex. Consequently, 
a digital simulation technique is 'used in this paper to obtain 
p(U) for any gi-ven distribution of the amplitudes an d> repeti- 
tion times. The corresponding quasi-peak value is obtained by 
solving equation (3), and the average arid rms values are obtaini'd 
as 

Oave = J. tJpfP® (4) 

0 ' , • . 

. "I 

■ = t J P(U) ■' (5) 

0 

Some results of tho digital simulation study are verif i- d by 
a hybrid computer simulation of the- meter rosponse. 

t 

OOMPUTHR 3IMJLATI0H OH RESPOi^SE ' ' 

\ 

The ideal method of studying the response of a ratio '>^ 0 ' 
mot-'r is to generate vol^o pulses similar in shape to corona 
pulses and having knoien random applitudo and pulse separatiori 
interval characteristics, and feed them directly into tho meter. 
Since no such raiidom pulse generator is presently available, the 
motor response can not be obtained directly from tests. However, 
tho random pulses as well as the meter cha,ract eristics can be 
siniulatcd either on a digital or on n. hybrid computer. 

Since the Dieter can be assumed to bo linear up to tho 
detector stage, a pulse input to the meter may be represent od 



in both simulation tc'chniq.ues by a detector input pulse corres- 
ponding to the positive envelope of the first pc'ak .f the wave— 
■form shown in Pig. 2. A rectangular pulse input to the meter 
having an amplitude and duration T is then represented by a 
detector input pulse having an amplitude 0^ = 2[J^^'t/if, a duration 
= 2/A f and a form defined by a(t), whore 


( 4.^ sinm^i f t 

~ TCAft * 


t 1 


Af 


( 6 ) 


A random pulse input to the meter is equivalent to a detector 
input of 

I 

U(t) = X. li. a(t - T.) (7) 

i=1 ^ ^ . 

Where h^ and are the random amplitudes and pulse sop'^r-'^t ?on 
intervals respectively, and I is the number, assumt'd sufficiently 
largo, of pulses used in the simulation. Equation (10) is not 
valid in the case when loss than , since in such r. case 

two or more puls^'-s a-ro superposed within the baiidpass flltf'r 
of the motor. A method of taking itito account the superposition 
of pulses is discuaged in the Appendix. 

In both methods of simulation, the cases of ac and dc 
corona pulses are considered 'separately. A continuou,s aoqU'-nco 
of random pulses reprosonts the case of dc corona. Under ac 
conditions however, the corona pulses produced during thf” positive 
half cycle are the mahi source of interf orcnce. During the period 
T at each cycle, pulses occur only during a tim^ interval T 

* ' ■ 4 0 0 X* 

centered around thf positive peak of the altcrnatin vo'ltagc. Thc- 
duration of depends on the applied voltage, conductor surface 

conditions, etc. 
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In digits simulation, a 'random detector input pulse 
train U(t) having specified prohahility distribution for the 
amplitudes and the pulse separation intervals is generated, and 
the probability density distribution p(U) is calculat'-'d by random 
sampling of the pulse train* The calculatfd distribution p(U) 
is then used in equations (6) , (7) and (8) to obtain tbe quasi- 
peak, average arid the rms responses of the meter* 

?ig.3 shoves a typical random pulse trein. The amplitudes 
h^ and '.’t he pulse separation intervals "Tj^' tare defin'-'d by probabi- 
lity fuxictions p(h) and p(T) respectively. Tor e^xample, oxperi- 

1 1 1 2 -V . 

mental evidence shows * that the pulse amplitudes have a 
G-aussian distribut ioxi while th-- pulse separatjon interv'^D.s have 
and expoxie-nt ial distribution. ’ 

generation of random pul s e amnlitudes and separation intervals, . 


S qu ij.c'> of r.yi'- cm .^unb'. rr' cor”' ’iponcijne 

to the pulso heights and soporatiou imber'vals a-ro generated on the 

computer using a staxidard subroutine for coDiputing uniformly 

distributed r-^ndom numbrrs bct’.roen 0 and 1* Coasidt'r, for example, 

the probability density function p(X) of a random variable X as 

shown in Fig. ■4(a). Th correspond iuig probability distribution 

function P(X), whi«h is defined as 

X 


P(x < X) = 


P ?6x)dx 


( 8 ) 




—a 


Is shown in Fig. 4(b) . Th- function B(X) varies between the limits 
0 and 1 . If F(X) is now rep r-‘-’ seated hy a random number Y distri- 
buted uniformly between 0 and 1, the solution of the equation 

Y = P(X) (9) 

1 5 

gives thf; desired sequexice of random numbers X having the given 
probability density function ' p(X). 



Fig.4(n) Probr.lDility density l''ig.4{lD) Probibilit/ distributnon 
function. function. 


Assuming, • for inst-^ncr-',' ,th-;t the pulno amplitud -‘S nr<^ iv.'r- 
moJ-ly distribute u, th- prnbibii.ity d-ns ity^f unction is gix'on ns 

p(I) 0 

0]f 2% (10) 


wh''-rG p is the- moan pulse apiplitude and o" is thr standard 
Iho correspondiiig probability distribution function is 


do Vi at 


given as 



The sequence of normaLlj distributed pulse- srr'plitudes are then 
obtained by solving the following integral equation for h 


Y = p(h) 



LSzlil 


20 


dx 


for a given v.alUQs of Y, equations (12) can bo 
to obtain the corresponding value of h. 


.. -- -( 12 ) 
solved numeric ally 

^ jT-r "■ 


Since only positive- pulse amplitudes are considered in this 


study, it is more appropriate to represent them hy a truncp.tcd nor~ 
m'^l distribution function. The pi'obability density function is 
assumed to be truncated on both sides of the nv-an at (p-a) and (p+a) , 
where (p-a) >0. The distributi:>n is norm.alized by making the ari'a 
under th:- resultant probability density function equal to 1.0. 
Equation (12) will then be modified as 



P(h ) -- P(u ~a) P( u-a) 

P( p+a) -P( p-a) “ 1-2 P(p— a) 



Equation (15) is again solved numerically to obtain .h- for a given 
value of Y. . ; , - 

The pulse separation intervals n.iay be represented by the 
exponential probability density function 

! -• pCT>‘ 'u ‘ke*" ^ . (14) 

wh&re 1 />, is the mean separation interval. 

Th-'-- securnce of random pulse separation intervals may bo obtained 
using (9) as 
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T = P(T) = 1 - e ; 

or 3 } = - la (1- Y) (15) 

A I 

I 

Bq.uatioa (lO is tiiea solved oxplicitely to ottaia tho random sop- \ 
aration times as a function of fchc urrieormly distT'ibutod random 

it 

number T. | 

Celculatioa of t)(U) . After generating the random detector input ; 

input pulse train, as shown iii Pig. 5, hy the- motuod drscrib* ci : 

above, the corresponding amplitude probability density function 
p(U) is coJ-culated by random sampling in each pulse separation ! 

interval . The samplixig is done by generating again a uniformly 
distributed random number Y, and selecting thv sampling time t^^-I. ^ 

fho corrf'sponding amplitude of the pulse train is obtain-d 
by calculating U(t ) from equation (10), taking into account the 
superposition of pulses if nc-ccssary. The probability d'Qoity 
function p(U) is then obtained by ennsidoring a suff ici ntly largo i 
number of samples. Finally, the solution of equations (3), (4) I 
and (5) gives the quasi-p'^ak, average and. the rms rc'sponscs of the | 
meter. ” 
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INDIA 




Kiis lecture will cover the following topics : 

(a) Energy sources : Trans ports^hle and Locally usable: 

(b) Methods of development and their limitations in use : 

(c) Comparison between power situations of India and Cananda; 

( d) Power handling capacities and salient features of lines from 
400 kV to 1200 kY; 

(e) Examples of power pools in India: Hydro-electric and Thermal: 

(f) Transmission voltage selection for hydio sites: 

(g) Rate of power growth for thermal stations and voltage selection: 


: Intro duction 


A student or research workrrconcern'=‘d with power transmission 
in India must be aware of the energy position in this country. With 
the extremely rapid pace of development of industry on the lines of 
North Americas, Eui^pe, and Janan, which cater mostly to the econo- 
mic uplift tf the urban population, which in turn brings the horrors 
of over-urbanization, one should not lose one's orientation on what 
the engineers ' efforts are doing for the progress of this country. 

It is therefore imperative that we understand the nature and extent 
of our resources, the rate of depletion or conservation of the same, 
the energy requirement for any given region or the country as a 
whole, and the methods of planning. 


It might be categorically mentioned at the outset that unless 
new sources of energy are developed rajiidly in India, reliance on 

conventional thermal energy sources will bring the wheels of prog- 
ress to a complete hald within a century, even if all the hydro 
potential is developed. By the year 2100, with the never-ceasing 
rate of increase of population, combined with the depletion of non- 
renewable natural resources , India will be ■ in dire straits . It has 
been recognized, without questioning or an understanding of the 
basic principles laid down by Mahatma G-.andhi, that some top peopl^ 
in the electrical power industry have -taken it for granted that 
electrical power forms the basic necessity for the progress of this 
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country. I will keep away from this debate, but it merits serious 
thoughts whether the above assumption is true. Be that as it may, 
the development and use of electrical energy places a very great 
responsibility on today's planners and managers. This point must 
be emphasized in college and University curricula. Educational 
institutions must instruct as much on energy problems as on the 

control of power by computer methods. 

The above is my personal opinion. 

Electrical energy sources for iiidustrial and domestic uses 
can be divided into two broad categories, comprising the following 
methods of generation: 

I* Transportable : (i)Hydro electric, and ( ii) Conventional thermal 
2. T.nf.fl.nv UR Able (with limited amount of transport): 

( iii) Conventional thennal in urban load centres: 

( iv) Nuclear thermal: 

(v) ¥ind energy: 

(vi) Solar Cells, or, photo-voltaic energy: 

(vii) Solar, thermal: 

(viii) G-eo -thermal: 

( ix) Magneto -hydro dynamic or fluid-dynamic energy: 

(x) Coal gasification and liquefaction: : 

(xi) Ocean energy: (a) Tidal (b) Wave (c) Thermal gradient 

(xii) Biomass energy: (a) Forests (h) Vegetation (c) Cow dung. 

Sources (iii), ( iv) , (v) , and (viii) can be connected to 
an existing grid also. 

. SSiSSEIOm : MetMd3_Qf_ Bower. Bevelooment. and The ir Limitations.. 

1) Evdro -Electric Bower ; The known hydro potential in India is 

50,000 MW (with 4-0 GW inside India and 10 G-W in Nepal and Bhutan. 
30^ of potential or about 12 GW lies in the North-Eastern Region 
in the Brahmaputra Valleys in Arunachala Bradesh and jissam) • 

These can be categorized as (a) High-head (26%) (b) Medium-head 
(47%) (c) Low-head, (< 30 metres) (7%) and (d) Run-of— bhe river, 
(20%). Bresently (as of 1980), 18 GW -are developed in high-and 
medium-head stations. Reservoir silting makes the life of a large 
dam between 50 and 100 years, so that re— location is necessary. 
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Terracing of f ast-nnoviag streams in tlie Himalayas can Be carried 
out as is the case with Switzerland. 

In India, low-head and run-of-the riveijplants have not heen 

developed, although a lot of planning has taken place for the in- 
stallation of micro-hydel power stations. This is .a rich, area .for 
investigation for one who is interested. 

2) Go ad ; The five broad categories of coal in India' are’ j Peat - 
(4500 STU/Lb), Lignite (6500), Sub -bituminous (7000-1 2000) ^ Bitumi- 
nous (14000), and Anthracite (15500 BTU/Lb) . 

Only non-coking coal is used for power generation, which is 
estimated as 25 Giga Tonnes (which is 50% of the total depo^.it of 
this variety) . The present installed capacity in Central India 
using the available coal- in that region is 4000 M¥, burning up 
12 Million Tonnes annually. The present rate of annual increase in 
installed capacity is nearly 10%, but this will have to be slowed 
dow'n to 5% annually. In the U.S.A., which is one of the coal— rich 
countries in the world, the annual rate of increase in installed 
capacity is 5*2% for coal -fired stations. 

The estimated life of coal deposits in India at different 
rates of annual growth in iistalled capacity is as follows; 

% Annual Increase 5 6 7 8 9 10 

lo. of Years for Doubling 15 12 10 9 8 ,7 

Life of Coal Deposit, Years 140 1 20 1 08 97 88 60“* 

5) Oil : At present, oil is used exclusively for transportation. 
Therefore, none is available for electric— power generation. 

4) natural Gas ; This rich source of power is not known to exist 
in India to any ^eat extent for even dome-stic -cooking use* There 
are''a very limited deposits near oiXTiclds v/hich are used for 
running gaST-turbine ' electric stations for local use* 

5) Coal Liguef act ion and Gasification : The efficiency of a conven- 
tional thermal station rarely exceeds 2'5 to 50%. But when the coal 
is liguef ied, because the ash content is removed, it can gene-rate 

as much power as 7 to 10 times its wei^t in coal in high-ef f io iency 
internal combustion engines. Indiancoal contains about 45% ash, 
so that transport of this ash' in coal is very uneconomical. This 
is further complicated by the large pilferage of coal at stations 
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where the coal ‘-haul Lag traias stop and the fact "that railway wagons 
are direly heeded for food“traJisportation» Therefore, with li<3.uefic 
coal and use of pipe lines, power-generation can take place at loai 

centres with wore reliability if pipe lines are waintained properlj 

6^ Uunlear Energy ; Recent . events have given this typo of energy 
a lot of publicity which haye exposed in sowc weaaure, the need as 
well as the limitations which India faces. Prance develops 44% of 
its total national power output in nuclear thermal stations, expor 
ting some to the United Kingdon through the under-sea D.C. cable 
(about 2000 W/) . Past-Breeder-Reactors are now getting more widel; 
used. In a liquid-Metal-Past Breeder Reactor (IMFBR) , the fuel is 
mixed-oxide .U02 andP'u02, which is conserved to some extent by 
converting U238 to U239 and then to Pu239» Presently, the breeder 
ratio is 40%. All reactors use liquid' Sodium for heat exchange an 
no moderator is used as in conventional thermal reactors. 

In India, there exist very limited. Uranium .deposits in Bihar, 
but ’the world’s major deposit of Thorium lios in Kerala. Research 
in using this element in nuclear reactors is non-existent Li the 
world on which India borrows heavily for its technological develop 
ment and utilisation. Therefore, India must develop its own reser 
arch and development plans if its nuclcar-enorgy for the future is 
to be guaranteed. 

7) lAM-J&argy ; it is estimated that 20% of India’s power require 

ments can be met with wind energy development. The Deccan Plateau 
has winds most favourable for large-scale power production with 
average wind velocities of 30 Em /hr blowing constantly. 

Wind mills or turbines can be of the horizontal— or the verti- 
cal-axis types (Darrieus), with further facility for varying the 
pitch of the vanes* to suit wind velocity. These can develop ,upto , 
1 MW at any one installation. A power -output of 10 MW will requii 
blades^ of 200 metres in dia and winds of 50 Km/hr. In rural aroas 
a powe;r of 1. EW to 10 E;w requires 1 ‘acre of land. 

.. W.ind power .is intermittent in nature so that storage facility 

IS necessary. These take the form of. storage batteries or compre- 
ssed air. . , • ■ 
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Latest improveiineats are; (a) use of augmenters whlcL create- 
a vacuum on the downstream side of the blades, thereby Increasing 
the power output by a factor which could theoretically ±'ea'ch"100 
but at present is about 4j (b) Use of a Venturi duct to enhance the 
wind velocity by a factor of 3 at the turbine located in the neck, 

as designed in Portugel; ( c) mounting the Venturi duct arrangement 
on railway tracks to orient the machines along the. changing wind 
directionsj (d) the MADRAS system, which uses 7 •5 metre dia 30 me- 
tre tall cylinders wheeled on a track by the wind to whose axles 
are attached the generators j and finally, (e) the Tornado System 
using a wind tower 600 to tall and 200m dia using cheap fuel to heat 
air on the downstream side of the turbine to create the partial 
vacuum . 

Ror an electrical engineer, the challenge is in devising so- 
phisticated control system in order to generate a constant-freque- 
ncy constant-voltage from the variable -speed- generator, and device 
circuitry for synchronizing, the generators to an existing grid, 
system. This has been accomplished by the Bonneville Bower Admi- 
nistration in the U.S.A* 

8) Solar-Cell Bnergv ; Primarily, solar cells were used*.^or space- 
satellites. But, recently, they arc finding use for domestic power 
supply and in industry. As of now, 1 K¥ can be generated with 

5 sq.m, of panel at an insolation level of 400 cal/sq. cm. /day* 
Average Indian insolation level is 600 cal/sq. cm ./day . By the year 
1986, the U.S. hopes to develop cells which will cost 1000/KW of 
peak power. This is the same as the installation cost of a nuclear 
reactor, but the advantages are obvious. In India, plans for re- 
search, development, and manufacture of Silicon solar cells are 
already taken up by the B.H.S.L. and other plants, since this Ct__. 
can be combined with thyristor manuf p.cturer* 

9) Magneto -Hydro -Dynamic Power : Tho largest MHD generator that has 
successfully completed tests is the AVCO 500 KM unit. Current- 
collection at temperatures beyond 2000°C has been overcome. • Su'per- 

; conducting magnets utilizing liquid-Helium at 4^E give a designed 

?' field of 8 Teslas, but the. usual field strength used is between 2 

I to 3 T. Hot liquid-sodium from LMPBR’s have’ also been utilized as 
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the conductor'^A aBout 550°C in order tp develop iPorG power from 
an auxiliary H-F-D generator near the reactor* 


10) Fuel -Cell jSnergv ; The first fuol-Cell .concept utilized H-C 
interchange in order to yield a flow pi electrons, while at the., 
same time provide * drinking-water to astronauts in space programmei 
Electric automohiles were developed using the same concept. 


The most recent version developed by the Consolidated Edison 
Co. of lew York uses a module operating at 190 deg G. Bach cell 
develops 0.77 at a current density of 0*25 A/sq.cm. The total 
voltage output of the installation is 13*8 ^7, equal to that of a 
standard power-station generator. The power output is expected ti 
reach l-J^W. 

11) Ocean Energy : Energy from the sea can. he developed in 3 diife 
rent ways, (i) Tidal ( ii) ¥ave { iii) Thermal Gradient. 

“ ' - t * Q 

Tidal Powep * The highest tides in the world occur at 40 to 50 
latitudes, so that Indian tides are limited. Tides upto 3 .5 m 
exist on the Gujarat Coast, at Bombay, and at Hoogly. The U.K. 
tidal development is very extensive,, and they hope to develop 
8000 MW or 10^ of the national power requiromont by tho year 2000 
France has- sucbessfully put .into operation a 2400-MW station at t 
R^nce-EiverestUary using bulb turbines. 


like wind power, tidal power is intermittent and requires 
storage systems* Sea ' {waTer -is stored in a reservoir at high- 
tide periods which will flow through' turbines in the conventional 
way at low-tide per^ds.[- In Cananda,' a unique system exists at 
the Bay of Fundy on the Atlantic Coast where the power developed 
at-two tidal -power stations is used for runn-ing giant pumps for, a 
puroped-rstorage plant nearby on the St. John River. 

lay , q„ . .BflepgY : Depending upon. wave height', an average power of 25 t 
75 can be .develpped per meti*4 of wave length. , However, the 
highest power attained to date is '5 ’'Kw/m of wave. ,,The scheme use 
sealed chambers, closed at the top and open to the wave at the 
bottom. When the cr^t of the wave passes through such a chamhor 
it compresses the air in one chamber which flows into another und 
which the trough of the wave is pass ing . This compressed air flo 
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through aja 'air*-;turTDine driving a generator. 

.. The wost talked-of scheme is in Japan, where a 200--TnetrG long 
5Q~in wide floating buoy (anchored to the. sea. bed) has chambers 25 
sQL.m. in area. Vlith-a wave, height of 4 m it will generate 30 M¥. . 
Bach generator is rated 125 K'i, 3~pk, 200V, 950 EPM. 6 poles, and 
47*5 Hz. The power will be used for extracting Uranium from the 
sea water which will be utilized in Huclear reactors yielding ulti- 
mately to times the power from the wave-power station. Desalina- 
tion to obtain drinking water is also considered. 

Ocean Thermal Power : This scheme utilizes the natural temperature 
difference existing between the warm surface water (25°C) and the 
cooler ocean-bed water (5*^0) » A heat exchanger uses the warm water 
to convert liquid STH^ into vapour, which then drives a turbine-ge- 
nerator unit-. The cool ocean-bed water is then 'used, in a condenser 
as in a thermal station, and the fluid is pumped back 'to the heat 
exchanger for vaporization of The ocean-bed-water. is brought 

up to the surf-ace installation through a pipe 20-m in dia over a 
height of 500m or more. With giant off-shore structures having * 
been developed for o il —wells,, erecting power-generation installa- 
tions poses no special problems. 

a iaiB,g.TJ0N 0F,.EIQ-HBE TRAHSFISSIOH VOLTAGES FOR lUDlA 

S ection 3 s Gomnarison of Power Sitaations in India and Cananda 

The present highest voltage for transmission in India is 400kV/ 
3-phase A.C. Hearly all State Blocfericity Boards have either adop- 
ted this level or will bo adopting. It is-.a matter of only 8 or 10 
years more when a higher -voltage for transmission will be necessaiy. 
The C.B.I.P. has already focussed attention of concerned engineers 
on the need to have planning done on what the next higher voltage 
should be, whether A.C. or D.C. or a combination of both. Thus, 
Indian power engineers are now going through an exciting period of-, 
planning, and I strongly urge every one -to investigate this problem, 
from theoretical as 'well as practical point of view- It is always 
an easy matter to '"be wise afthh the event, but:n.o other single 
problem has" such a socioeconomic as well as human bearing as the 
interconnection of the entire Indian," power pool into a national G-rid. 
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At the 1980 Syrnposium of the hol’d "at Delhi, scvornl 

ideas crystallized on this matter* Briefly^ the ochooesus jit that 
Symposium was that it ■ is best- to introduces, hstween 1990 and 20C 

(i) 765 k7 (800 kV class) as the next higher transmission woltagOj 

(ii) ± 500. k¥ D.G. for certain point-to-point transmission} or, 

( iii) a combination of both. 

UHV of 1000-kV class or more might be- required beyond the 
turn of the century* 

In considering such an important topic, it is wortliwhUo 
drawing a parallel of Indian power situation with that of another 
countiy-ha’ving.-somewhat similar problems* lo me, Canadian power 
development comes very, close to the Indian situation* Briefly, 
Canada has a population of 2*5 crore's and the present installed 
capacity is 77,000 H¥ with the following distribution: Convent ioui 
thermal 27000MW, Nuclear thermal 6000 M¥, and Hydro-electric powe: 
of 44000 MW* As compared to this, India has a population of 67*5 
crores, installed ^capacity of 50,000 M¥ with 40fn in conventional 
thermal and 18000, M¥ in hydro. The projected rates of growth of 
installed capacity for the next 20 years are: Canada 27 50 M¥/year 
and India 4800 Mif/year. The power-doubling will take place in 
28 and 7 years, respectively, in the two count ires. By the year 
2005, the total pawtrSi will- be equal for both coutrios at 140000M 

The situation in the provinco of Quebec in Canada comes clo- 
sest to Indian power situation in so far as hydro-electric power 
is concerned with equal amount of. .power and distance of transmi- 
ssion as in India* The power from the James Bay area on the la ' 
(Jraado River will be developed as follows: 

Station Delany .Manic-5 10-1 10-2 I»G-5 IG-4 

Power, M¥ 2550 1000 II40 5500 2500 2600 

Oost,M^ • 500 750 Total, for La Grande : 12,000 

The distance of transmission from any of the La Grande stati 
to load_ centres at Montreal and Quebec City will be 675 miles or 
1100 l!m., The Hydro-Qubec has extensive experience obtained from 
their 755 k? transmission system over the past 15 yeara* With 

3- yast experience . the . , ,, .0^ 
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the Jawes Bay development, bat dropped it in favour of the 735 hV 
level. These powers and distances are very close to what they 
are in India for hydro ~electric development in the Himalayan and 
Assam regions, and the Singra.al i-Han igan o area, to load centres at 
Eanpur-Delhi—Lucknow, Bombay, and Calcutta. 

It is well worth notnig that the Hydro -Quebec has not consi- 
dered the D.C. alternative, in spite of Canadian experience in + 

400 kT D.C. operating successfully in the Nelson Rive' pro ject .in t 
the Province of Manitoba. Also, countries such as the "IJSA, USSR, 
and Italy who have planned 1000-kY or more, and Sweden,- Prance and 
the U.i;. who have planned 800 kY class lines and for higher voltages 
have not- cons ide red the adoption of D.C. transmission. This is 
not to imply that D.C. should not be-*studied for possible adoption 
in India, but very serious thoughts-must be--givea... Needless to 
say. Rural Electrification has assumed paramount importance and DC 
transmission, as it exists today, is most economical for point-to- 
point transmission of bulk power so that tapping for rural distri- 
bution is not possible. Therefore if there are several tapping 
points and rural lines, the cost of rural olectrif icat ion must be 
added to the cost of transmission. As of now, in India, generation 
cost is Rs . 2500 per KlfiT, transmission Rs. 500 and rural electrifi- 
cation Rs . 2000 per E¥, which represents 40^ of the total cost. 

If this is added to D.C. transmission cost, the break-even powers, 
distances, etc will be : different from. .what they are in North 
American and European or even South America.n continents. But D.C. 
transmission, control of stability by parallel A.C. and D.C. lines, 
back-to-back asynchronous ties, multi-terminal systems, and so on 
offer one of the richest fields of study and investigation in 
India, where such studies are either in the heginning stages or 
non-existent . 

S,SjSMaJL_4: Power- Handling Ga-pacities and Salient Eeatures -of 
Tranamiss ipn lines fQr _40Q . kP to 1200 kV 

The following voltages have been or being adopted in the world 
at 400 k7 and above, with voltage value expressed between conductors 
3-phase A-C. ; 400, 500, ,i750, 1000, .1200, 1500 kY 

Bipolar D.Q. : SOO, 900, VoGO, 1200 kY 
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The power-handling, capacities of the.se Ihios (for..no scries ■' 
compensation) are normally "based on the' following assu'mpt ions ; :• 

i) A.G* Lines ; Equal magnitudes of. voltages for sending and rece- 
iving., ends ■ with a phase displacement of 30°which usually arises 
from stability cons ide rat ions > 

ii) I)»G.» Lines ; k current*.of 1800 Amps is taken to flow iA each 
conductor, which is limited by present state of device technolo 

Per A.G. lines, based on the above assumption, the allowable 
power, current, and percentage power loss as a function of distanc 
of transmission are given as follows: 

1) ' Power in MW , P = 0-5 L : 

2) Current in' ZA ;! = 0.299 Y/x L: . . 

3) fo power loss : p = .SD- r/x. 

Sere, Y = line-to-line voltage in kV. 

■ - X = positive-sequencS rb'actancc of line, ohm/Km, 

. s .resistance in ohm/Em at 75°0 and 50 Hz, 

and ' L = Line length in Em. 

The power-handling capacity and current admissible arc inversely 
proportional tO'line length at any given voltage level. However 
the rpercentage power loss is independent of line length but depeno 
only on. the ratio of resistance to positive-sequence re.actanco pei 
unit|which IS a constant at a given volt.age levol. 

X The following table gives the salient, features of lines at 
different voltage levels for calculation purposes: 


Y, kV 

400 

750 

1000 

1200 

Av. Height, m 

15 

18 

21 

■■ 21"' ' 

Phase Spacing, m 

11 , 

14 ■ 

18 . ■ 

18 . 

Conductor Ho. and Dia 

2x32 mre 

4x30 mTl^ 

6x46 mm 

8 x 46 mn 

Bundle spacing 

.457 2 m 

.4572 m 


— 

Bundle dia 

- 


1 *2 m 

1 *2 

r, Ohm,/Eh ' 

*031 

*0136 

.0036 

0 

0 

• 

X , Ohm /Em . 

' - ' ■ ■.327- 


.bl 

.231 

^ loss 

^/•'.■5'.12 

■ '2.7 ■■ 

6.85 

0 .64 

Por instance,' as 

compared to a 

400 kY line, 

the loss 

es at, 


750 kY are 52-7^, at lOCO IdT ai?e I6.6^,'";and at ,.1200 kY are ..1,2.5% 
for transmittin/? -hVio 
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losses- liie advantage in using higher voltages is obvious for 
conserving energy. 

The power~haadliag capacities of line at different voltage 
levels for A.C. transwission are as follows. 


Line length. Km ; 

400 

600 

800 

1000 

1200 

Voltage: 400 kV : 

670 

450 

555 

270 

225 FW/circuit 

750 kV 

2860 

1900 

1450 

1 140 

950 MW/circuit 

1000 kV 

6000 

4000 

5000 

2400 ' 

2000 MW/circuit 

1200 kV 

86 40 

5760 

4520 

5460 

2880 MW/circuit 

The power-handling 

capacities of : 

D.O. lines 

at various voltage 

levels on the assumption 

of 1 .8 

kA per pole will 

be as follo'wra ; 

Bipolar Voltage kV 


i 

400 

± 450 

± 500 ± 600 

Voltage between conductors kV 

800 

900 

1000 1200 

Power per Circuit, 

_M¥ 

1, 

440 

1 ,6 20 

1,800 2,160 


The powers per circuit given above for A.O. and D.C. lines 
will be utilized in this lecture to discuss the choice of higher 
voltage required for transiPission of bulk power from Indian power 
pools to load centres, as is being planned for the country* 

SBCTIOU i : Examples of Ma.ior Tower Pools in India 

Fro® a plan made, for the development of major hydroelectric 
resources in the Kashmir to Arunachala Pradesh areas covering the 
entire northern fringes of the country, it appears that the follow- 
ing H¥ powers have to be transmitted to load centres in the Gf-anga 
Valley and the Western CJoast!(^5 0 y*: "i -^0. ^ * 

(1) 2500 MW over 250 Kroj (2) 5000 MW over 500 Kmj 

(5) 4000 M¥ over 400 Ein| (4) 5000 MW over 500 Km; and 

(5) 12,000 MW over distances of 250 Km, 450 Km, and 1000 Km. 

There is considerable doubt as to the time-at which some of 
these power pools will come into operation. Some planners state 
that the massive power flow from the M.B. Region to other regions 
of the country will take place in the 90 's. Others say that the 
installed capacity to be added in this region between 1985 and 
2001 3^ only 900 MW# Still others state that the installed capa- 
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city in the I.B. Region will aE-'oant to 20,750 M¥ h.y the year 200C 
• Therefore it appears that the. cva.cu.at ion oi power froc' suci 
vast pools of - resources is still a, riatter for discussion as regaj 
the tiTTie of implementation. This places a greater rospons iblLit;; 
on power engineers to he more certain about data in order to plai 
effectively in India. However, it is corto.in that these power 
pools will be developed and higher trans"'’ission voltage than 4OO] 
will he necessary. The actual voltages and the number of circui- 
.-r-eauired will be discussed in the next section. 

; '..-Is is evident frorr.the wide , publ ic ity given by the National 
Thermal, Power Corporation, the major power' pool for thermal gene: 

tion is, in the 3 ingrauli-Ranigaaj-Jharia coal fieldvS. As mentioi 

i 

befor^ "transport of Indian coal- from mines to load centres is 
fraught with drawbacks due to large- ash^ontents, pilferage, and 
lack of railway wagons. Therefore, as. a Nat iorial ■ policy, the 
Planning' Commission has accepted mine-mouth generation and trans' 
mission to load centres ' as electric power as the only policy. T 
present installed capacity is 40OO M¥ with a very rapid annual 
increase in power which is nearly 16% in the very near future, h 
which will have to slow down to 5% in course of time. The power 
generated in this gigantic pool will be transmitted to Bombay, 
Delhi-Eanpur, and Calcutta areas. The powers trasmittod will he 
nearly equal in the three directions, and in Section 7, the requ 
red higher transmission volteges and the number of circuits will 
be discussed. 

SECTION 6 : Higher Tr ansmission 7olte.ge Selection for Hydro - 
Electric Ceneration and Evacuation 

In the previous Section, the expected power at several majo 
hydro sites and the distance of transmission were given. In 
Section 4, the power-handling capacity per circuit at several*, 
voltage levdls was also given. It- is now a straight-forward mat 
to decide on the alternative transmission schemes required and 
should not tax the intelligence . However, the follow jng Table i 
given for ready reference. 
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Power 

Distance 

ilternat ivc 

Design 

Poss ib il it ies 




. 0 . 

Lines 



s4- 

• G. Lines 

2500 M¥ 

250 Km 

2 

of 

± 

400 

kY 

3 

of 

400 

kY 

3000 M¥ 

300 Km 

2 

of 

i 

400 

kY 

4 

of 

400 

kY or 








1 

of 

750 

kY 

4000 m 

400 Km 

2 

of 

± 

500 

kY 

6 

of 

400 

kY, or 








2 

of 

750 

kY (70/p . 

5000 M¥ 

300 -Km 

2 

of 

i 

600 

kY 

6 

of 

400 

loaded) 








2 

of 

750 

kY 











loaded) 

12000 m 

250 Kin 

8 

of 

± 

400 

kY 

12 

of 

400 

kY 



6 

of 

± 

600 

kY 

3 

of 

750 

kY 


** 






1 

of 

1200 

1 kY 


450 Km 

8 

of 

+ 

400 

kY 

20 

of 

400 

kY 



6 

of 

i 

600 

kY 

6 

of 

750 

kY 








2 

of 

1 200 

) kY 


1000 Km 

8 

of 

± 

400 

kY 

48 

of 

400 

kY 



6 

of 

± 

600 

kY 

12 

of 

750 

kY 


6 of 1000 kV 
4 of 1200 kV 

-- ProiTt the above table, proper conclusions can be drawn. As an 
example, for transmitting powers upto $000 MV7 for distances between 
250 and 400 a-*voltage level of 400 kY, A.C., will suffice. This 
also can be accommodated with the technological know-how now avai- 
lable in India, which ia a very strong considerat ion for 'making 
decisions. Serious consideration is req.uired for adopting 750 kY . 
and 1200 kY i£or dvaadatang a pawer of 12000 over lisvonce'' firsts 
distancef from-. 250 Km to 1000 Km, that is, from the ilakhananda- 
Bhagnrathi complex in the Upper G-anga near Eishikesh, and the 
Brahmaputra Yalley to load centres in Bihar and Bengal and south. 

S^BSTIOU 7 ; Evacuation of Power from Ther n^ al G-eneration Pool 

In Section II, the life of coal deposit available for electric 
power generation for various rates of annual growth of installed 
capacity was given. ¥ith a present installed capacity of 4000 M¥ 
and for various' assumed annual rates of increase of installed capa- 
city, the following table has been drawn up to show the power 
picture for the yeard 1990, 1995, suad 2000. 
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% Annual 

Increase 

5 

6 

2 * 

""8- 

9 _ 

10 

power in 

1990V W ‘ 

6520 

7160 

7870 

8630 

9460 

10,400 

Increase 

over 1980 

2520 

3160 

3870 

46 40 

5460 

6400 

Power in 

1995, 

8320 

9590 

'11040 

1 2680 

14550 

16,270 

Increase 

over 11990 

1800 

2430 

3170 

4050 

5090 

6340 

Power in 

2000, MW 

106 20 

12840 

15490 

186 30 

22390 

26,930 

Increase 

over 1995 

2300 

3250 

4450 

5950 

7830 

10,210 


Therefore, any plans laid down fop the choice of voltage and | 
numher of circuits would be based on a t iwe-schedulo f or*-ovacuating | 
the powers, which will not only -depend on the total ultitratG power 
but also on the increase with time. __ I 

Uow, under the assumption that the-powcr from this pool is 
transmitted eq.ually in 3 directions, some indication of the requi- 
red transmission circuits can bo woPked out. The distances to 
major load centres are: Bomb ay -1 200 'Em j Calcutta - 600 Kmj and 
Delhi' -’800 Km. ¥e will further assume that all existing and pro- 
jected 400 kY lines will he fully loaded by tho year 1990. The 
additional lines will overlay the existing 400 kY network. I will 
restrict to A.C. lines, since as has already been pointed out, 
major power - producing countries have decided on' using A.C* at 
the 750-kY, or lOOQ kY, or 1200 kY levels. I wlll.-loave it to you 
to work out the D.C. alternatives, but keeping in mind that these 
lines will run in the thickest-populated region^ of this populous 
country and rural electrification and tapping off assume great 
impoitance. ‘ 


By the year 2000, the following transmission linos will ho 
necessary between 1990 and 2000, when the rate of power growth is 
taken as. 5^, 7%, and annually, that', is the doubling of power 
requirement occurs in 15 years, 10 years, and 7 years, respect ively< 


Pool to.3ombay 5ff. 
( 1 200 Bn) . ; 

lO^fi 


750 kV 
750 kY 
'750 kY 
1000 kV 
1200 kY 




.Required by 2000 A-D.) 
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Direct ion % Rate Voltage Olass Ro » of Circuits 

(Required "by 2000 A.D.) 


Pool 

to- Calcutta 


o 

o 

kV 

5 

(600 

Km) 

ir 

750 

kY 

1 




400 

kY 

6 




750 

kY 

2 



10^) 

. 750 

kY 

5 




1 200 

kY 

1 

Pool 

to Delhi 

5% 

400 

kY_ 

3 

(800 

Em) 


750 

kY 

2 




750 

kY 

2 




750 

kV 

4 . . 


1 


1000 

kY 

2 _ _ 


, ^ . 

Prom*. the above table. 

we can observe that for evacuating 


power froT^ the Central -Indian generatitig pool,, a voltage in excess 
of 750 kV is not required; __ Reliah il.ity "cons idefat ions requnre two 
c ircuits_j and 400 kV and 750 kV serve the purpose well. As mentioned 
in Section III, the vast experience gained hy Canada in their 750 
kV systeTn and their decision to stick with this voliage class, even 
after' invest j,gating- the 1200 kV A.C. and D.C. transmission alter- 
natives, should form food for serious thought to planners for ado- 
pting the 750 kY class for Indian conditions. I offer this, as my 
humble suggestion. 
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ELEGTaOSTA'TIG PIEH) J'19.1'^?- 

Gala.ulatlon _of Ele£tj‘_qstaAic_AA®A^, -°A. A*9.:. * 

Gliarg e o f G.orJu-d. tjQg ?-■•-' ' ' 

/ , I ' r ' 

r , * 

rfe already described biie laeihod oil obtainijig electros b 'iic 
charges on tlie phase coxiductors irpn line gcoiriGtry axid voltage. 


Ihis is, for n conductors as shovm in Figure 1 


[a] = [r]"’ [V] = [M] [7] 


'2tc£„ 


where 

[a] = [a, , 52 . ••• . aj 

[T] = [v,,72, ••• , \] 

and 




rsif 

r > 

t \ 


f^L i 


j 


% 

H; 


X- 


r.v“ 






[?] 


nxn matrix of Maxwell's potential coefficients 
2H, I. 


with P. 


11 

where. H • 


In (r-^ )■, and P^. = Ln (r^) 

^eq ^ij 

height of' conductor i above ground 


and 


i. . =’, distance between conductor' i above ground and the image 
.of conductor j belowground ' 

Aj • = aerial distance between conductors i and j,' 

1 1 /i^ • ^ 

^eq J r~ ilie ,®lnivaleat bundle radius, 

ij 3 =l,-*.»*,n , 

■■ 'Sf =; number of sub -conductors in bundle, 

Y = radius of each •aub~conductqr 
R = radius of bundle . 


The line “to -ground voltages Y,|-.to 7^^ and bundle charges q.j to q^ 
are sinusoidally varying in time. Consequently, tho electrostatic 
field Induced at any point near tho line is also varying sinusoi- 
dally at power-frequency. Phaser algebra can he used to combiiie 
the several components in order to yield the amplitude of the re- 
sulting field. 


£.l^t.r03tatio Field of S/O -^-nhaao linn . 

At a point A(x,y) in the vicinity of phase conductor i with 
X^»7) dcefcrred to an or in: in .fh® fioi^ a+.«^^v>o.4.v, 4o 
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in. which. 

jd| = 

Its ho-rizontal and vertical components are as follows: 


Bjj = B OOB e 


2%e 






K 2^ 


B, = B =-^ 


y-y^ 


O 


The contribution from the ima.ge charge conductor i can also 
be calculated. The field components are now in- -direct ions opposite 
to those of the line charge. 


'V - 


sin (90-e-^) 


2^€-. 


X-Xj^ 

(eTP 




■y cas (go-e-*) 


271 


J+7± 

( d /)2 


where 


(d/)^ =(x-x.)^+ (y+yJ^ 


The total horizontal 8.nd vertical components at A. due to both the 
conductor charge and that of its imago are 

, _ r 12J. / 

Consequently, the total horizontal and vertical comp^ents of elect- 
rostatic field due to n conductors on the tower will turn out to be: 


,®hn 


^ and B, 


n 

I =: B ' . 

Vn i«l vi 


The total' field at point A is 
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+ .. .. 

lilffeGt of T}.3. Field on Harn a ng. Aniwaas. Plan. . u:. a. _£, . ii , d Iokiglp.g .,L 

T 13.6 effect: of higli e»s» fiold of a 0 *li*v* or u..li«v» liap^ ia 
important on (a) Tauman beings, (b) animols, (c)plo.nt life, and (- 
vehicles. They al,so have an effect on fences and burind pipe li 
located ander and ne-ar the line. ' It isj .clear that when an objee 
of finite size ’is located under tho line, it disturbs tho field, 
the degree of distortion depending upon tho size and nature of t 
object. This is q.uite an advanced topic and will not he dealt 
with here and must be invest igatril case, by _ cass*.-. How'jvcr, it ha 
been found in practical, situations that the effects of a distor 
ted field can nevertheless be estimated from a knowlcdgo of the 
undisturbed field* 

(a) Hutnan beings : 

The effect of high' e.s. field on , human beings.,, has been, more 
extensively studied than (5® any other animals of; objectvS because 
its grave and shocking effects which has resulted in loss of lif 
Consider a farmer ploughing his fiold while sitting on a tractoi 
and having an Ji«ibe-ralla.-br canopy for shado.' 'Ho has the chance 
being charged by the resulting corona from pbiiited spikes* When 
gets off the vehicle and touches a grounded object^ he will disc 
rge himself. Also, when a sta^iding on ground a- human body’ is 
pure resistance of about 1500 ohms. If a vehicle is parked uncle 
a transmission 'line and has insulated tyros, and a liurnah being 
touches the chassis, the charge acquired hy the vehicir' will dis 
charge through the body. If the current ...is 9 'mA, -which-' 4s known 
the let-go current, then he experiences a shock that-.can cause 
damage to the body including*-tho bra.in by impairing muscular act 

affecting the-J-ungs. Por women the let-go current is 6 mA and f 
children 4.5 mA. 

It has been f.ound experimentally that the limit for the un- 
aisturbed field is 15 kT/m for human beings to experience shock. 
An e.h.v. or u.h.v. line must be designed such that this limit j 
not exceeded. Some power utilities are very cone ieus of this 
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responsibility and have purposely increased the sinifflum clearance 
over and beyond what is.. specif ied from air-gap insulation clearance 
requirement* As an example., the^^onneville Power Adm in is t rat ion., in 
the USA have selected the maximum e.s. field gradient to bo 9kY/m 
at 1200 kY and in.*order ta do so have used a minimum cleeranbe at 
mid span of 25*2 m whereas they could have chosen 17«2m based on 
clearance required for switchiiig-surge insulation as prescribed 
by the National Electrical Safety Council. 

(b) Animals ; 

Experiments carried out in cages under e.h.v. lin-^'S have shawn 
that pigeons and hens are affected by high e.s. fields of 30 kY/m, 
They are unable to pick gr.ain with their heaks properly resulting' 
in large spillage which affects their growth. Pigs and cattle 
experience shocks when their bodies acquire charge and they then 
drink water from grounded troughs resulting in a discharge. How- 
ever, this takes pl.ace in fields in excess of 30 kY/m* Therefore, 
human beings limit the e.s*' field of a transmission line and not 
animals * 

c) Plant Life : 

Plants such as wheat, rice, sugarcane etc* suffer the follow- 
ing types of damage. At a field strength of 20 kY/m (HJIS) , the’ " 
sharp edges of the stalk give corona discharges so that damage 
occurs to the upper portion of the grain-bearing parts. However, 
the entire plant does not suffer damage. At 30 kY/m the by-produ- 
cts of corona become intense enough to cause harm. These are 
emission of ozone* Further, the resistive heating due to 

increased current prevents full growth of the plant and the grain. 
Below 20 kY/m. the' plant is unaffect-^d and this may be cons-idcrod 
as the limit* Once again, this is above what is safe from human 
point of view* 

Vehicles parked under a line or driv^ing through acquire 
electrostatic charge if their tyres arc made of insulating 
material. A parked vehicle might acquire charge because of its 
capacitance, the largei'the vehicle the higher being the charge. 
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When a Imman being contactc tbc-veliide, iic Taas to conduct tho 
discharge currant which miglit a^^ouat to the let-gocurront . It h; 
been found frow„both experirnonts as well as by calculation that 
existing designs, o,f 400 M arc quite safe and no fatalities have 
been reported so far frorn parked vehicles acquiring charge. How 
Gvor, if pa.rking lots arc located unner a lino, the rocoTT>«'.OjfiQf.,^j_ 
safe clearances are 17 Tn for 345 kV linos and 20 for 400 kV li 
Loiries will require an extra 3 clearance. 

e) JltMES.: 

Eences, buri'-^d cables,' and pipes are important pieces of .. 
equipr^ent that have been invest igatecl for possible danger or daw 
ge when they are located in high. ©»s. fields* Metallic fences 
parallel to a I'ine irust-.be ’ grj?unded preferably every 13 Pipe' 
.lihes-^longcr than 3-2 kw and .larger than 15 in diawotrr arc 
recomweadod to be buried at loasb 31 laterally frow tho contro 

, ' I ^ 

phase to avoid dangerous eddy purrents that could cause corrosio 
Sailboats, -rain gutters in houses, and, insulated walls on houses 
near transmission linas arc also subjects of*.potential danger* 
Ihe danger of ozone ewanation from the tr.answiss ion-line conduct 
at-high electric fields-.can also be included in the catogary of 
damage to tissues of human beings: living near lines* 

Maghanis.m. .of .Gen.eratipn. and Characteristics of Audible Hois e.,:. 

1H7 transwtssion lines generate audible noise when corona i 
present on the conductors, which is, especially high during-foul 
weather. Tho noise is broadband extending upto 15' KHz from very 
low frequency. Corona discharges producp positive and negative 
ions in the vicinity of the conductor^ . which aro alternately att 
racted and repelled by the periodic reversal in polarity of the 
excitation. This motion gives rise to sound-rossure waves at fi 
quencies of double the power frequency and its multiples in add: 
tion to the broadband spectrum, as shown in Eig*3. ■ Thcroforo .tl 
noise has a pure tone— superimposed on the broadband no iso* Due 
differences in ion ic^ motions 'in the case of a*c. and d.c* exedts 
tions, d.c. iinqs exhibit only a broadband noise, and furthermoi 
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the noise gener?^tod a d.c. lino under foul weather is nearly 

the saT^e as in-lair weath'^-r. Slii'ice audible noise frc" a^ransmi~ 
ssion line is^-man-rjiade , it is ’i-'easured in the sa^e manner as athcr 
types of.-Tnan-made noises such as aircraf t.-.no ise, ignition noise, 
transfc-rmer hum, etc* ‘^e wall discuss the meters used and methods 
of AM measurements in a subseq.uont chapter'* 


Audible noise can be a serious problem from ’psychoacoust ics ’ 
point of vif'w, leading to insanity due to loss of sleep to inho-bi- 


dS> 
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\ p AC " 


1 


jl3=^ 


C JL_». ■'»''va. 


joo 






Rig. 3(a) Pig. 3(b) - 

tants liwing close to an e.h.v. line. Ihis problem came into fo- 
cus in the 1960 's with the energization of 500 hY lines. -Regula- 
tory bodies ha’ve not yet fixed limits to.. AH f,rom power lines since 
such regulations do not exist for other man-made sources of noise. 
The limits for AH will be discussed in the next section. 


limits f 0 r Aud ible Ho.lse. : 


Since no legislation exists for-lhe limit of AH from man-made 
sources, power companies and environmentalists have fixed limits 
from public -relations point of^.view. In doing so like other kinds 
of interference, humen beings must be subjected to^JListening testa 
Such objective tests are performed by every civic-r Indad power 
company. The first such series-.of tests performed from a 500--kY 
line of the Bonneville Power Administration li the USA has come to 
be called Perry Criterion for AH limits. The limits taken are as 
follows : 

Ho complaiiits ; less than 52.5 dB (A) 

Pew complaints , : 52.5 dB(A) to 59 dB(A) 

Many complaints : , Gi'eater than 59 dB(A) 

Design of line configuration at e.h.v. is now being governed 
more and more by the need toilimit the AH level to above values. 

It the edge of the right-of-way for the line, where the closest' 
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■hou'se Way be allowed to exist,’ nuisance caused by M is limited' to 
less than 52.5 dB(A) and will be closer to 50 dB^A) as has boon done 
for the BM ’II 50 W 2 OO k¥ line. The design aspect will be conside- 
red lateroon# » Thojvaudible noise generated by 0 . line is a 

function -"of , " 

a) the surface voltage gradient on the conductors j 

b) the nuTY>ber of-sub-conductors in the buhdlo} 

c) conductor diameter; * i 

d) lateral distance from bhe line to the point where noise ig 
to-.be evaluated; and 

e) atmospheric conditions. 

Once again, as in most e.h.v. work, the entire phenomenon is 
statistical in nature because atmospheric conditions arc crucial 
for operation at these extra high voltages. 

t 

.'While the Perry Criterion is based on actual listening tests ' 
and, .guidelines are foimod for limiting values of AU from a line at 
the location of inhabited places, other man-made sources of nod^e^ 
do not follow such limits. A second criterion which evaluates the 
nuisance is called the 'Day-Night Eq^uivalent ’ . This is based not 
only on the variation of M with atmospheric conditions but also 

, ■ i-r 

with 'the' hours of the day and night during a 24~hour period. Tho 
reasbn-ihg "'behind this criterion is that a noise level th.at can be 

t V 

tolerated during waking hours of the day, when ambient noises are 
high, cannot ba tolerated during sleeping hours of the night when 
little or ho ambient noises are present. This will, b a elaborated 
upon -later ■ OH'.* i.,- According to tho Day-Night critf^riou, a 

noise level of 55 dB(A) can be taken as the limit instead of 52-5 
dB(A) according to the Perry Criterion. 



Audible noise- is caused by ^changes in pressure of air .or- other 
transmission medium so that it is. described by Sound Pressure level 
(SPl) • . ALex^der’ Graham Bell- eatablished the basic unit for the 
SPl as 20,xl0' Newton/m^ or 20 micro pascals. (2xlO~^ micro bar). 
All decibal values are refered to this. In telephone work, we have 
a flow of current in a na-h n-f Jl ■ .-I,... 
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laasic units are 1 mWacross 600 oh^s which yields a voltage of 775 
and current of 1.29 ’^A. For any other SEL, the decibel value 
is 

SPL(dB) = 10 logr(S?L)/f20x 10~^ pascals) 1 

This is also termed the ’Acoustic Power level’, denoted by PMj, or 
sirnply Ai^ level, AKT: 

Consider H sources whose decibel levels are .AIT^ , AMg, 

In order to add these to determine the resultant sound 
pressure level and decibel value, the procedure is as follows: 

¥e first calculate the individual sound prevssure levels frow 
the given decibel values thus, 

*“5 IIT /10 —5 Ailp/IO 

SPL^ = 221.0^.10^1/'^, SPLp = 2x10 ^ 10 ^ , .... 

■-5 AN./IO . Ai\/10 

- SPLj_ = 2x10^-10 , ..., SPL^ = 2x10^. 10 " 

The total SPL=SHi^+SPL 2 +. . .+SPl£f . . .+ SPL^j 

. J AL'1./10 
= 2x10^ 10 • 

i=1 

The decibel value of the comb illation of sources is 
Alf 10 log.^(SPL/2x10"^) 

A1J-/10 ^ 

= 10 log^(^ :£ 10 ^ =10 log^Q 2 10°*'’ ^i 

i=1 i=l 

Pormiilas for Calculating Audible Noise and use In Design: 

Audible noise from a line varies with atmospheric conditions 
so that there is no one quantity or AN” level that 'can be considered 
as the level. Designers base their results -on two quantities which 
are designated the ho level and Ic-vel. These are defined as 
follows : 

Level: This is the AN level as measured on the A~weighted net- 
work which is exceeded 50% of the time during periods of rain us- 
ually extending over one year. 

Lj^ Level; Similar to L^q but exceeded only 5% of the time. 


RDB24 


!Eh.e laij"fc 62 * usually is coucorued wilili h.os.vy rain such. a.s is 
generated in artificial rain tests so that it -is very useful in 
correlating with the level according to some -formulas* Since 
AM measurements were commenced fairly- recently, ths. formulas are 
an outcome of-not only the limited number of test messuromonts 
available from actual operating lin’-'^s-y but mainly from 'cag'^’ tost 
results and short-line outdoor experimental projects. As montionG 
undfer limits for M in earlier, each pow^-r company must evolve its 
own limits since no legislative control exists • 

VJhile many empirical formulas exist (Rof* 111313 Task force 
paper October 1982), we will discuss the use of only ono formula 
here given by the Bonne ivello Power Administration. Other formuls 
are -given later for tho use of a designer. The BPA formula is 
applicable for the following ennditSons; 

a) All line geometries with bundles having upto 16. sub-con- 
ductors of diameters in. tho range 2 cm to 6.5 cm. 

b) The AH calculated is the level In rain. 

c) The formula is applicable for transmission linos from 2501 
to 1500 kir, 5-phase A.O. 

The formula for AM level of each phase at tho measuring point, as 
shown in P.igure is, (i=l,2,5): i 


and 


AHj_ = 120 log^Q log^^ d - 11. 4 Log^QBj_ -115-4, n< 5 -- 

-• ■ ■ 

“1= 1204°®10 ®aInl+55, log,Q d -1 1 .4 Iog,(jD^+26 .4 BoSjon 

-128.4, ni 3 



Pig. 4 
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Here, ®aTni = average waximuTn surface voltage gradient o'fT 'bundle 
belong ing to* phase i in kY/co'', 
d = diameter of sub-C''‘iicLuctor, cm^ 
n = nuT'-'ber of sub-eiai^ Luc tors in buncilo 
and Dj^ = aerial distance from phase i to the location of the 
microphone, metres. 

When all dimensions are in pietre units, the abovv-^ become 

Mj_ = 120 log^Q + 55 Log^Qd^^~11.4 Ijog^QD^+234.6", n<3 

= 120 Log^Q + 55 Log^^d^^-ll .4 Log^QD^f-26 .4 log^QU 

+ 221 .6 , n^3 


lav -Eight Bquivalant Ho iso level ; 

In the previous discussions the M level of a transmission 

line has been chosen as the level or the value in decible of 

the audible noise that is exceeded for'50%--of the duration of 
pr.e.i^ip^ita'tiio.n. Ihis has been, tacitly assunw^d as the nuisance value® 
jffowevcf, a more recent criterion which is actively being discussed 
and La-ppixed to 'o'thcr-' man^mado aE souro-cs is called the ' ' - - - 

Day-Eight Equivalent ii'oase level. This has been applied to air- 
craft noise, heavy road traffic noise, etc. which I'^ads to liti- 
gation among many aggrieved parties and the creators of the noise. 
Accordhig to this^ criterion, a certain- sound level might be accep- 
table during the day -time hours when ambient noises will be high. 
But during- the night the same noise level from a power line or' 
oth'-r man-made noise sources could be found objC'ct ionablo because 
of the absence-. of ambient noises. Tho equivalent annoyance during 
nights is estimated by imposing a 10 dB(A) pdnslty. 

Consider an I^q level of a poirer line to be M and the day- 
time to last for D^hours. The, actual 'annoynaco' level iri'terms of 
t he day -n ight e qu ival e n t is s p*' c if ie d as 

^dn = D.10^'^/+ (24~D) 

The level of a lino is 55 dB(l) . Tho day-light hours are 
15 and night-time is 9 hours in duration. Calculate the day-night- rj 
equivalent. ’ ' 
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Sol-utio a: (i; r 

I-dn = 10 (15 k105-Wi0 • )] 

= 10 Log^Q[ 10^(47.43+284-58) /24] = 61-4 
= 55+6.4 clB('A) 

The dpcihel acLclor in thia case ic 6*4 which has iiicro-.ccu th 
SPL, hy 4-365 times '[ 10 Log^Q4.365y6 .4] - Tlno nuisance vnluo of th 
1 hie has "been increased hy 5*4 dB(A) hy adding- .the 10 d3(A) pen.oi' 
for night hours to the AN value for thc' day~tiT'’o level. If the 
day-night hours are diiierent from 15 and 9, a different decihel 
adder would he necessary. 

¥e also’ note that the 10 dB(A) penalty added for night time 
contributes ■ 6 times ( 274-58 /47 - 43) - 

In evaluating the nuisance value of All from o.h.v. powf'r 
lines, we are only ooncorhed about the time duration of rainfall 
and not the total day-night hours. If rain is not present over 
the entire 24 hours but ohly for a' c''’rt.ain percent, hgo of the day 
and night abp.ve a miiiimum- rate of rainfall the day-night oquivalo 

- ^ ■ V ' ' .0 

will- -he' calculated diff o rent ly 'from what is given. Let it he 
assumed that the , percentages of duration qf. rainfall during tho 
day and night are.p^ and p^* 

■- Lj^=10 Log^Q[^(D.),^ ) lo-^^'/10 ^ ( 24 -D>:^ ..jq( Ai'I+ 10) /lO^ 

dB(A;.. 

Lzamrle 

The following data apply for. a lino: 

f '50 level = 55 diB(A) . D=15, Pj^=20, Pj^=50. Calculate thm day-nigh 
equivalent of AN and DB adder. 


Ljjn = ^0 Logio[^ 15x0.23i;lO^’^+9x.5xlof.*5] 

. ■ , • 9t4a.'' +' 1'42.3 ' 

= 58 dB(A) 

The decibel adder is 3 dB(^).. 

Again. -ye note • that ■ the night-time contribution' is nearly 15 times 
the dhyrtimp, oontr^ihution ('142*.V9.48) .. 
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la the- above equation, it was assuTn^'^d th?t thd levels for 
both day ana night were equal. ''If this is aot the case, then the 
proper values must- be used which necessitates verj^ careful experi- 
ments to be performed on long-term measurements relating rate of 
rainfall to the AN Ic-vel*, Su-ch exporimsnts a.re usually performed 
with short transmission lines ov^r a ground or in 'cages'. 

S-Q-me., exapiile^^-of AN levels from SHV Lines ; 

It might be Informative to end this chapt-'-r with data of the 
performance of some line designs in the world based on AN limits. 

1. The BPA has-fixed 50 dB(A) limit for the Ij-a noise level 
at 30 m from the line centre in rain for their 1150 kV 
line operating at 1200 klT. This was based on experience 
gained from the 500 kV lines upon which Perry established 
the limit criterion. ;• ’ 

. 2. ‘The ASP, UHT Project of the BPRI, and other designs- fall 
ver 3 ?' close to the above values”. 

• , ~ ' * 

3* Operating 750- kV lines of the ASP gave 55.4 ®(A) at 760kY. 
At their Apple Grove short-line outdoor project, the' value 
obtained at 775kV was 56.5 dB(A), proving that short-line 
data can be relied upon to provide adequate design values. 


4* The Hydro— Quebec Company of Gadada gave the f ollo,wing'''ical~ 
culatod AN levels at 30*5 metres from the lino centre. 


7Qlta,ge_ 

-745_. kV 

.7.35. , kY 

. ....3_25.kY 

735 kY 

525 kY 

aoMmloz 

:> 4x1.1651' 

1 (0.4)296 m) 

4x1.2" 

2x1 .602.” ' 

4x1 .382-' ' 

3x1 .302-'.' 

Size 

(QS395 m) 

( .0407 m) 

( .035-1 m) 

( .0331 I’) 

Bundle 7 

18-” 

18" 

18' 

18 " 

18" 

a.pac ing 1 
Phase v 

( .4572 m) 

. 41 ' 

45 • - . 

■■34-'. -r 

50' 

34’- 

S.Ra£iagL5 

(12.511,) 

- (13 •72m) 

(10.37m) 

(15.25m). 

(10.37m) 

AN level. 

dB(Ar 

■]- : 

■ 58.5 . 

n 

51 

\V 

55 ' 

52 

.-A. 


S 
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PROBLEMS PROM OJp ROgBgij^'Xg _ 

la this lecture the nature of probleir’s caused by overcurreni: 
and overvoltages will he described., l " ' 


"c 


a) Overcurrents are generated by short circuibs in th. • syster^ at 
due to lightning. 

b) Overvoltages are the result of switching operations, lightning 
and resonance conditions. 

These are disturbances to a systei^^ that wst ho either rowo'\ 
or suitably protected against. 

The following topics will be dcscrib^-d hnre. 


1* Short Circuit Current and the Circuit Breaker. 

2. Recovery Voltage 

3. Interruption of low Inductive and Capacitive Currents. 

4- Overvoltages on Energizing SHY Lines (Closing and Redos ing) . 
5, Ferro -resonance conditions. 

1 • Short Circuit • Current and the Circuit Breaker 

Consider a simple systeT»i with 2 generating areas and 
connect*=d through 2 lines and feeding a load, Figure 1(a) . Trans 
formers are also included. 1st a short-cipcuit occur at the loa( 
bus, necessitating the breaker S Mo open to isolate the faulted 
bus. The q,uestions are what ,are the stresses 0x1 the breaker 7‘? 

■ The sinds-line diagram, neglecting all rosistoiices , is shoi 
in Figure 1 (b). Usually, the introduct ioxi of resistances will- 
change current values by not more than 3 percent. The a.c. comp( 
hents of short circuit currents fed by" tho. twp generat ing . areas > 





+X^.,+0.5.Xj 


and i^ 


^g2 + 


For simplicity in developing the main ideas, we take Y--j=;V2**T 
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In Tnodf?TO h-igh-rspeed ■ G-ircu it br'^akers (2 cycle) contact’s 
'separate' in about 30 to 40 mill iseconcis (mS.) after initiating the 
s-c, which is go:5iern3d by the op'''rating time of the protective.* 
system. Ihns t'iiib" ip slightly longer than the suh'traa*s,ient time 
constant I*’ of small and mcaiam'-size generators and is nearly 
equal to that of large turbo -alte mat o rs . Therefore, in general, 
the reactance used is the transient: reactance For calculating 

the first peak of • s-c- current , the reactance to be used is approxi- 
mately ^ terms of the ratr-d power of the generator, the 

' 5 ^ 2 2 

generator reactance used is-l^ = 2’^* where ^ /^g 

base impedance and X’^ is the per unit value. For turbogenerators 
of 500 mi rating, X»>^ = 0.2 p.u. and X'^ = 0.3 p.u. • For 1000MVA 
sets, these will be--. close to 0.3 and 0.45t p.u. respectively. For 
smaller sets, they may be approximatoly 0.15 and 0.2 p.u. respoc- 
t ively . 

For transformers, X.j. = swhero is the p-u. value^ 

is the transformer rating. .Usually, P^ = P^ for unit-connected 
sets and for entire stations Typically, p:^ =‘0.i0 to^ 0.15 

. ■' For lines, the ohmic values of pos it ive-sequenco ■ quantit i©s 
are given below for estimation purposes only. 


System Yolt^-^.ge 

. 220 k7 

lOO-kV 

750 kV 

Ho . of conductors 

1 

2 

4 

L,j, icH/Km i, : 

1 .34 ■ 

1 -03 

0.875 

R.j , m-ohm/Km 

80 

30 

15 

0 ^ , nF/Ejm 

9 

11 .75 

13*5 

Z.J, ohms 

380 

300 

.IT 

265 


In practice, X'^^^ ^t ^ ^ *5 which gives an estimated current 
of twice- the rated current through the .high-voltage winding of the 
transformer. 

• . ^ " i 

For' very, high v-oltage breakers'- the new I.S.G. (international 
Electro'’ Technical Oommission) recommends the specification of 
current rating and not ^ the short-circuit power rating* This gives 
more information to the designer of the breaker and th^"- system 
engineers. ' ■ ' ’ 
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When the d-c' cot^iponent is ixicluueci, the tot el rs-c curT’cnt 
will he ' ' ' 

_ — iCSiL.- . .-- [cos(¥t--0-6) ~cos(9^+e’) .e ] 

■where ten e- = X/R and T' = X/2%* 

The variation of s-c carrent with full d-c oflsot. .ifj shown In 
Eigure 2. The I.B.C. recommends a time constant T'=45mc. As an 
example, consider a 400kV system with a generation of 2000 KYA. 
The normal current is. 2--8 KA and the s-c current will bo about 
6kA, r.m.s* The maximum interrupting -current of the broakrr occui 
1/2 cycle i^when its value fs 

h = Cs ( 1+="^-°'''*^ = 1.8 lf2 1^3 

Eor the above case, Ij_ = 1 *8 V2 x 6 = 15*3 KA» 

If m'ay be of intrest to' note that air-blast circuit breakers 
are avial'able for 80 KA-.and SPg broakers for 90 KA.» This shows 
that a system engineer must koop s-c levels down to whof currontlj 
avail&ble circuit breakers can handle, in 400 kY networks this 
maximum is 40 KA« 

, It is evident- that the d-c component must decay fast in ordei 
that interrupt ion 'might take place at the. first current !t<.!ro.' 
Since contact separation occurs 30 -to 40 ms {\^ to. 2 c.ycle)aftcr 
fault initiation, the d-c component decay with 45 ms time c-')n.s-tani 
i.s--adecLuate to hring^ it down to about e ms,x! 

mum value and a current zero can occur. 

S ingle Phase Short Gircuitf^ 

80 percent of all.-faults in a system are single phase. How- 
ever, the s— c current magnitude, recovery voltage and the stresses 
on the breaker are; l?)wer than for 3“phase faults. ' Even though , 
3~phase^ faults occur in 10 'percGat of the cases, thm circuit brea- 
ker has to be designed for this tyco of fault. 

The ratio of currents for these two typ-^s of fault is 

4 ph/V= 5/(2+ 
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whore .X|^, X^.-are the zero-sequence ana positive-sequence reactances 
of the syste’^"' u-ptp the fault. ‘S'/hen the noutral is S'~'lidly groun- 
ded, X /X^ 2, ;_so. that the single -chase- fault gives 75 porcont of 

the s-c current, under a 3-phase fault. 

Delayed Current Zero 

then faults occur yory close to largo power stotions, (grea- 
ter than 1000 MYA) it is very difficult for s-c currants to pass 
through zero quickly b-^causo the line reactance is not present. 

This is a severe condition on the breaker on tho h.v. side of the 
gonerator-transf ortrior . Howevor, the arc resistance usually contri- 
butag on an arcing fault to aid interruption. 

For generator breakers, the s— c curre-nt is higher than on the 
h.v-. side of tra,nsf or’T'crs usually by one order of rnagnitucied In 
order to interrupt, say, 100 XA, air-blast breakers- with a higher 
arc voltage are preferrod to SFg braak^^rs in order to bring about 
a current zero. Breaker:^ with multiple interrupters are also used, 
to further increase the arc resistance. 

. In addition to 'interrupting the s-c current, the breaker has 
to withstand the -recovery voltage across its separate cL cent acts. 
This voltage- can, have a single frequenejr or can contain yultlple ' 
frequencies, depending on the connected network. For single-fre- 
quency circuit, it ca,n be written as 

= V*2 Y.k. (cos wt - cos w^^t) , 

where w^ = 25 !i fo = 2*6; natural frequency, 

and k = constant, tha-|t .depends, on the type of fault and the 
connected network charaetp-rist ics . 

Freyiously, an a'ypl it ud‘e' factor giving the 'ratio of peak 
value of and the- power-frequency voltage peak ■was ' hsed,' but the 
recent I.S.C. recommendation covers only the peak, value of the 
total recovery , voltage including the h-f coimponent or oowponents. 

The rate .pf rise o.f recovery voltage determines the ability' 
of the, quenching medium to, . interrupt the arc, s’ince ‘the rate "of 
rise of dielectr,ic, strength' tnust exceed this 'RSRV. Bhis has given 
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rise to great controversy in India^n syster^s, since l.-E.C. rocom^onn 
dations are consiciar:^d too severe to be annlicable to Indian systems! 
with Longer lines and lower natural frequoncios of th'- connected ; 
syste... The initial rate ox rise of .transient rocov^ ry voltage ^ 
(I1R7) has oscillalions on it caused by oxtonsivc antorckuanoct ion 
of linos, transformers, and generators, so that it is a^mafcfcorof 
confusion as to how this is to be determined. These o sc iLlat ions 
. depend further on the type of fault (-l-nhaso, 2-phase, 3-phasG, 
with and without earth) and the system grounding (solidly co.rthed, 
isolated, or n art he d through impedances-)-. .All thoco have .-m effect 
on the power-f requoncy and transient component (h-f) of the reco- 
very voltage. 

In BO far as determining the characteristics of the recovery 
voltage, two types of faults are considered ( i) the terminal fault, 
and ( ii) the short-line fault. 

Terminal Faults (TF). 

These involve the maximum s— c currents, and as m@nf; ion.<3d 
earlier, 3-phase terminal faults yield highest s-c currents and 
consequently the most severe recovery voltage. 

.. In a 3-phase fault, if the circuit -breaker contacts have a 
time-delay in opening, the first pole to clear experiences the 
highest recovery voltage. By the time the second pole clears the 
current, the powef-f requency recovery voltage has decayed in the 
first phase since the transient component usually has a fast decay. 
Bor an unearthed 3-phase fault the first pole to interrupt may 
experience a peak recovery voltage of between 150 to 200 percent 
the phase voltage after interruption. On the other hand, for a 
3-phase fault involving earth, it is 1.5 .5 +Xq/X.] ) • 

Short -line fault ( 3LB) 


In this-. type of fault, th.-re is a short sectioa of lin8(_usua“ 
lly 1 to 2 Km) "between the breaker and fault location. Reflect ions 
arriving on this line are superimposed on the source volt ago giving 
rise to highest recovery voltages as shown in. figure 3 . Here, the 
source-side voltage has nearly the same, characteristics as for 
terminal-fault* In many breakers the interrupting capability and ■ 

1m. a 'V', TWn.VYIl ..... MV. J-,... .... .. n 1 - . ..... ...... . n. *«. ■ . . ..... . ..*in. -* ...1- 
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■'It caa "be sliowri that the highest rate of TRV in the case of ~ 
:he..shp_rt~iin-e--fanl‘t' 'occurs when the faulted phase is the last to 
jlear on a single-phase to earth fault when all 3 poles are set to 
>pen. Ti'^e delays hetween opening of poles cannot he arvoided'if’ 
jircuit hr-r-akers are poorly Traintained. 

The stresses in a circuit hroak'^r can he reduced hy connect iiig 
resistances or capacitances, in -parallel -which reduce both the TRY 
3,nd the peak v.alue of transient voltage under very high s-c curr- 
ents* Resistances are usually preferred for air blast breakers 
a,nd capacitances for SPg breakers. 

D efinition of Racovorv Voltage (Transient Co pone at ) 

V a) 2‘-paraweter def iait ion 

--The transient recovery voltage used to be defined through 2 
Darameters: ( i) the magnitude, and ( ii) the rate of rise. 

'b) 4— parameter def init ion 

With large interconnect ions in a system^ the 2-parameter 
iefinition has been superseded by the 4-parampter definition, -which 
is shown in Figure 4* These are V^ , V^, t^ , t^ (o.r V^/t^).. The 
initial time t.j is usually equal to twice the travel, time of the’ ' 
^ave ;on the shortest ..qonaected line. " . ' 

The capacitance of the grounding-grid system also helps in 
sot'-'e measure ‘to keep the initial rate of rise lower than ^hen it 
is neglected. 

The I.E'.C* recommendations for- type tests/on these two types 
Df faults are given below; 


Terminal Fault 
--1CT¥) 


First Pe ak of V ^P.Ui . dV/ dt 


10% 

Current 

1 *35 

or 

5kV/ 


, 

2.25 



30% 


1 .95 

or 

‘5 ■ 



2.25 


* 

60% 

.r ^ r 

1 .95 

or 

2 - 



2.25 

' 


100% 


1 .82 

or 

1 - 



2.1 






Revision 

5.5~12.6kV/ps 

5 

t 

(. 3 - 

2 
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First Peak of My As jon 

100^^*- ,1.82 or 1 1 2 



As symmetry 

2.1 


Single -phase 


1.95 

2-5 and 



or 

3-5 

' 


2.25 


Short -line Fault 

60% current 

0 .64 

6 

Cslf) 

90% current 

0.16 

9 

Z. OVERVOLTAGES 01 

GLQ3BTG- OR RBQLOSIi^G 



Overvoltages caused by switcbiiig operations i^Ight nxcc'.d the 
insulation level of linas and equipment and cause flashovors . 

Some measures taken to minimize theso overvoltages include 

(a) insertion of series resisbanco at the source xirhcn switching, 

(b) surge arresters, ( c) drannii.g of trapped charg'^ on line with 
inductive potential transformers, shunt compensating reactors, or 
power transformers, ( d) closing the broak-:r poles, at the instant 
when the Source voltage is passing through the same pol'trity as tl 
trapped charge. . t 

formally, the highest overvoltages, occur whon unloaded B.H.?. 
lines are energized or re-enorgized from an iaxClnitc souren. 

The switching overvoltage consists of high-f requency transient 
component superimposed on the power-frequency voltage. 

Consider a ^—phase generating station shown as the voltage 
7g in series with a reactance energizing a lino of length 1, 
surge impedance Z = fl/G, where L and 0 are the distributed in- 
ductance and capacitance ppr unit length. For simplicity, ground' 
return effects are neglected,. , ' • . 


The initial voltage on the line is zero whon the circuit- 

breaker S is open while tho ficial voltages duo to Ferranti Effect 
will be ' ■ 

voltage t = 7g cos •al/(coa al- % sin al) 

» Jo = VgAcos al 1 sin al) 

Here, a = 2iif X= wave length at power frequency ( s= 6000 Zm 
for 50 Hz) . (x^'- 2.T 1'^ , 




Til© ratio Z/Zg is def-in'^f* as the short-circuit pox-jer Pg.^ 
of jbhe supply to the systerf'. 

As an e'xa’T'ple, for a 2000 MYA 400- kY source with Xg = l-p^u^i, 
energizing a 300 Kn’ lino with Z=320 ohi’-'s, = 400^/2000 = 80 ohms, 
and Z/Xg = 4* Also, 2'fii/A = V‘!0=18°» The Perranti Iffect gives 
Y = 1.14 p.u. and'Y^ = 1.09 p*u. Iho surge— impodancc loading is 
SH = 400^^/320 s 500.1^'rV'A, and the short-circuit power is P_„ = 

4 X 500 MYA = 2000 MYA, which is equal to the source rating since 
Zg = 1 p.u. 

Wien a line is initially energized, it has no- trapped charge, 
hut when it is reclosed after clearing a fault, the ho=^lthy pha- 
ses retain a trapped charge. In practice, the overvoltage at the 
open end when closing on a trapped charge exceeds 3 •5 p*u., while 
it is between 2 and 2.8 p.u. without trapped charge. However, 
during single-polo reclosure, trapped charge is not present since 
only the faulted phase is enorgized. ' in e.h-.v. systems, tro.pped 
charge is very rarely present since shunt compensating reactors 
at both ends help to drain the trapped charge. 

Purther-dif f icult ies are encountered when the throe ^polos do 
not close simultaneously. Ihis time delay is about, 5 ms 'even in 
breakers that are properly maiiitainod. Iitoen the first breaker 
pole is closed, capacitive coupling places a voltage on the other' 
two phaaes which corresponds to about 20% , normal trapped charge 
due to mutual capacitance. The other poles now close on this 
trapped charge. Although non-synchronous closure appears to yield 
higher overvoltages than with simultaneous closure, in certain 
cases, other factors chiefly ground-return currents might actually 
keep the overvoltage down. Under synchronous closure, oarth-return 
effects are not present, as hafe been verified from model studies 
by the- author. . . 

Interconnect ion of the system wit-h more than ono generating 
'station yields lower switching-surge magnitudes; however, ono must 
bo prepared’ for the worst. _ ■ ' 
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4. L IMIT IRG 0 VERVOL T AaiS. 

- Overvoltages have, been shown to consist ol tho po wo r~froquency 
coiRponent and a li—f coiriponent* In. order to litiTit tho stoady—statG 
power—f repuency component, shunt covipensat hig reactors arc used in 
Q*h»v» sysiet^s at both ends of a I'^ng line* Dhoso alsn a.ro beno- 
-f icial frow switching operations as has been pontionod earlier. 

men. no compensation is used, the ratio of far-end voltage 
to the entrance voltage is = 1/cos al • But ifith compensating 

reactors provided at both ends, and neglecting resistances, the two 
voltages are: 

= (cos al + sin al) Y^ 
e o 

Y^ = Yg/[(1+2Xg/Xj^) cos al + ( Z/Xj^+ZXg/X^^-Xg/Z) sin al] 

The travelling-wave or transient component can be reduced by 
the following schemes: 

Reduction o f Transient or Travelling. Wave Component 

(a) When pre-insert ion 'resistors are used, part of the total vol- 
tage appears across the resistor which reduces the voltage being 
fed to the line. The resistance is nearly equal to the surge im- 
pedance of line in most cas'es and is short-circuited or shunted by 
an auxiliary breaker after a pro-set time of nearly 1/2 cycle. 
However, the optimum time as 'well as tho opt imum. value for this 
pre-insertion resistor must be ascertained from model studios on a 
iDraneient Network Analyzer or by Digital Computer calculation. Th 
maximum- value of switching surge overvoltage in this ach^mo occurs 
at the instant the series resistance is taken out of circuit by 
t he aux il iary b r o ake r . 

.The optimum value depends upon ( i) line lengths, ( ii) the 
series reactance behind the lino, i.e., tho short-circuit powbr 
of the source, ( iii) the degree of line compensation, ( iv) the 
insertion time of the resistor, and (v) the surge impodrmcos of- 
bhe switched line as well as any connectod lines. Since the numbe 
of connected lines can, change during the switching operations, a 
value higher than the optimum value is usually selected. 


RDB37 


(.b) The single-resistor scherr'e can bo rr^odified to two-stage or 
multi-stage closing resistors. This mak 'S it possible to insert 
a higher resistance in the beginning and then lower this value in 
steps . 

( c) Draining of trapped charge- by shunt compensating reactors, 
and inductive p.t.’s. Transforvior-tarmina lines remove the 
trapped charge, but there are serious problems of resonances 
caused by the non-linearity of the m-aga=t ization characteristic 
when switching in. These have to be investigated in any pa,rti- 
cul .ar s it u at ion . 

( d) Reclosing circuit breaker o.n a line when trapped charge is 
present at the instant when the polarities of voltage on both 
sides of the breaker-contacts are the same. Such schemes reduce 
the overvoltages down 'to 1.5 p*u. 



These occur when a noimial disconnection of an equipment is 
made. Overvoltages occur by premature reduction of current to 
zero when low inductive currents are interrupted. Certain types 
£xf breakers use the arc current to' uid the flow of arc-extinction 
medium and therefore the interruption will not take place at low 
currents. Examples of low inductive currents are given below: 

Transformer on no load : 2 to 5A 

Reactor-loaded transformer; 400 A . 

High-voltage reactors : 100 to 200A 

X j. 

The overvoltage magnitude is-usually an interaction between 
the circuit breaker and the system. 


Figure 5(a)-shows a source-line-itiduct ive load such as re- 
actors, transformers, or motors. 'V/hen the switch is opened, an 
arc is produced and when approaching current zero, it oscillates 


because of discharge 


knd 0^ through the line with a 
which is*. equivalent to and C 


frequency 
, is 


series with L» The arc-quonching medium may blow tho current out 


causing 'current chopping’. 
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KiC .cliop-DC.d- current now flows throu/^Ta the lend inductnncG L 


i Y 2 Q 




2; 


It oecillr.tr’S at the 


V - - 

i- (IoCo5'’'^which is usually 200 to 400 Hz 

O 'TT ^ J 


Iho stored energy: isfl: 1 

^ i 

natural frequency f ^ 
for a transforrior on no loa.d and 1000 Hz for a shunt rv;a,ctor» 

Masin'urrt voltage occurs V7hen all this energy 3S stored an the 
capacitance 02* 

2 


7 


2ffiax 


«2 ^ 


g iv ing 1 


2waz 


1 1 

nr 2 , . 2 ZZ -,2 


On the source side builds up with frequency f^ = 
which is between 1000 and 5000 Hz* 


ll 

2 


If ig^ is relatively low, ^s overvoltage occurs. | 


If the current, is.. chopped at the peak value, 7^^ = 0, and ‘^2inax~ 
With modern grain -oriented laminations in h.v* trans’ 


-a 1-^2^ '"2' 

foimiers because of low saturation, overvoltage is reduced . VJhon 
no-load current is chopped, the following average overvoltage 
factors may be expected. 



110k7 

220 k7 

400 k7 

750k7 

f.u- 

3 

^ 2.5 

1 .8 

1 .2 


Reactor-loaded transformers yield similar ovor-voltages * 
Iaola,tion of shunt reactors with 100 to 200 A and having a surge 
impedance of 352 to 65E: give an overvolt.age.i'actor below 2*5* 

Ihe chopping current in moat cases is 20A, maximum* Both surge 
arresters and series breaking resistors lower these volt egos 
considerably. 

6- pg oap/icititb gurhehtr 

When lin-s.are droppad'or capacitor banks arc switched off, 
overvoltages are generated.'' Consider Figure 6 where the line is 
represented by a lumped capacitance 02« Before interrupt ion, 7.j = 
72* After the current is interrupted by'the breaker, C. remains 
charged to Y^ = 7^ fZ/fj, the peak of the source voltage. However, 
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tliG source volt3.go changes its value on the power-f requency 
3 wave and so™e oscillation due to 1^,0^. The breaker voltage 

is consequently, 

= Yg ^ (1+k) . Usually, kM . 

?or k=1 , the breaker voltage* is twice the peak value of source 
yoltrigc. If the insulating ^•’ediuT" has not gained sufficient diel- 
Dctric strength, the arc ™ay restrike and connect the line back to 
bhe source. The phenomenon is just like energizing the line with 
a trpped cliarg;' equal but opposite to the source voltage. A ©urre- 
it will therefore flow in the line through the breaker. The cir- 
3 Uit is onterrupted again a.t the peak value of voltage and the line 
bolds a negative voltage. There might bo renewed restrikes causing 
switch failures. 

It is therefore evident that restrike-free breakers are**ess- 
sntial. Modern SPg and air-blast breakers meet this require^’ent . 
jines havnng shunt reactors cause lower frequencies of oscillation 
and they may aid in proper interruption. But here also restrike- 
Cree interruption is necessary. 

Capacitor banks also cause the same stresses on the circuit 
breaker. 

7 • FERRO -BE30UMGB 07BRV0LTA&E3 

Partial resonance conditions occur in power systems when, 
unbalances occur so as to place capacitances in series with induc- 
tances. Examples of this type are shown in Figure 7(a) where a 
3-phase transformer is fed by a long cable from a substation. 

Under normal operating conditions, the cable capacitance to ground 
is energized by the phase voltage and the insulation will withstand 
this voltage. However, suppose one line is open such as occurs 
when a fuse bloT»rs or-*when circuit —breaker poles do not act synchro — 
Qously but one pole makes much later than ihe other two. The equi- 
valent circuit is shown in Figure from which it may he noticed 

that the cable capacitance is in -series with the transformer induc- 
tance in the open phase. ■ If the cable is long and its capacitance 


higli, tha r'^sonance frequency i^ay 
gxves rise fo full r''’Sonanco» fli'* 
open is shown in Figure 7(c) ■> 


approach power frequency which 
condition when two lines are 


On account of the high voltages, oibhor the c'^ble or the 
transformer or hoth may suffer cinmayo to their insulation. In 
general, the magnetization curve ef the transfo.cm( r works on tho 
non-linoar portion so that a mathomaticol nnolyoin pmsentn 


difficulties. But cither a s?ri-s , aporoximat jon to the 
or a step-hy-step graphical analysis is -possihlo.^^ 


B-E curve 


- Experiments have shown that groundnd-vjyG -nrjmary winding 
permits longer lengths of cabin than any of tlm othrr por.nihlo 
connections such as delta or ungroundnd ~Y, hocauso th'. throe 
phases arc essentially isolated ir^m each oth r. Furthermore', 
working the tro,nsformer on the linear part of its B-F curve also 
is less dangerous, than when tho flux density is (.ui tho non-lin. ar 
portion at the working voltage. Remodins such as switching o, 
transformer with^-a 5 percent resistive load ha.vo also be on ouggos 


tedo 



LISTB-PARAHSTER GALGOLA'TIQfJg ¥ITH &ROUKD 
This chapter will cover the following topics : 
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1 . Calculation of conductor resistance with skin effect 
2 

2. line I R losses and temperature rise of conductors 

3. Properties of h'undled 'conductors 

4 . Inductance calculation with ground 

5 . Capacitance calculation with ground 

6 . Resolution into sequence quantities 

7 . Modes of propagation on 3 ~pkase lines 

8 . Ground-return resistance 

9 . Groundrrretum inductance ■’ - 

Maximum surf ace -vol feage gradient on conductors and corona-incep- 
tion gradient. 

Section 1: Resistance of Conductors and Skin Effect 

Conductors used for ©.h.v-* lin-^s are usually ACSR hut with 
high tensile strength aluminium available-, ACAR is becoming increa- 
singly common. The space occupird by steel in ACSR is taken by 
aluminium in ACAR. When steel is used, due to the high permeability 
and inductancey no curi’ent will flow in it. In AGAR, current flows 
in the entire metal and more cm^rent can be used. 

If Ug = no . of strands of Al, dg=dia of each strand., and 
|^^=specific resistance of AL, the resistance per kelometre will be 

E = Pjj . 1 .05x10^ X I X ^2 ^ , oh". 

dg S 

The factor 1 .05 accounts for the twist or lay which increase the 
length of the strand by 5 fo. 

Tables I, II, III proviae some relevant data. 

Hxam-pie 1 : A Drake conductor 1.108*’ dia has AL sectional area of 
795,000 circular mils. Stranding is 26' Al/TFe. Its resiat.^ce is 
given as 0.0215 ohm/loOO’ at 20°C under DC, and 0.1284 ohm/mile at 
50°C at 50/60HZ. 

1) Take — 2.7 x 10***® ohm— m at 20^0 and temperature -res is- 
tance coefficient = 4 * 46 x 10 check the values of resistance 

given. 
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2) Plnd ^ iacreass in rpsistanco due to skin ertoct. 

— ft 

Solution : ¥e assume that steal s-tnands' do not car'^y current j 
aihen, for lodO’^feet of conductor, strand length is 1 .05x1000/3.28 
metres . 

To convert circular mils to sq,uarG. motros: 

1 inch = 1000 mila, 10^ circular mils = ^ sq.. in. 

0.79x10^ cir-mil = 0-795x7 x 2&. 4^x10“^ 

^-6 2 
= 402.83x10 


1 ) 

2 ) 


Kdc - ^wxiu X ^^28 ^ 402.85 


= 0.021 46 ohm. 


1+4.46x10~'\5Q_ 


At 50 G, 1+4.46 x10^^x20 20 

R5q=5. 28x1. 123x 0 .02.1 5 = .1275 ohm at hC 


ffl increase 


due to skin effect- = 


0.1275 


x100=0.71> 


This is less than 1 /p. ¥e have assumed that all strands car] 
current equally. 

.Resistance • of conductor manifests itself in e.h.v. lines in 
the following .forms ; 

(1) Power- lossj (2) Reduced cun 'eat -carrying caoacity of conduci 
in high ambient— temperature regions.- This is particularly seven 
in lorth India in summer when the temperature reaches 50°C in th« 
plains . 

3) Conductor resistance governs the atbenuation of bravclling wa^ 
due to lighting and switching, as well as radio— fra qunney wave{ 
generated by corona* l*or lighting, the rosistanco is commted at 
l00--KHz, for switching from '200—2000 Hz, and for rauio interfere! 
from 0.5 MHz to 10 MHz. 


^i£-Bffect in Round Co’hductnr.Q ... 

r * 

The increase in- resistance in stranded conductors duo to sk 
effect is analytically difficult to dotarmine. It-. is easier to < 
this at the^manufactuer's plant hy a simple,.experiment . For rou! 
conductors, analytical formulas are avaHahle usi^ig Bessel Funct 
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The. ratio Ra_Q(f) tabulated or given-, ia graphical for^" 

by the H.B.S., Washington. The controlling parameter ia s= sic = 
0.0636Y?/R^, with R^=d«c. resistance of conductor in ohn’/r-'ile . The 
expression for the resistance ratio is as follows: 


8 


Let Bg^ (x) = 1 


2 ^. 4 ^ 


+ 


2^o4^ 


Be i( x) 


X 


6 


2 ^. 4 ^ .6^ 


X 


.10 


2^. 4^. 6^. 8^. 10^ 




Then,- 

^dc 


(f ) 




[Ber(^)]^ + [Bei'(x)]2 


When using a. I. units, i = 1,59x10'"^ ff /R^e» oh’T'/n> 


ExatPde : A rouad--co-pper conductor 0.5” dia (7/0, 12.7 dia) has 

= 1 .7xl0~® ohTTt-w at 20^0. Calculate as a function of 

frequency froP^ 100 Hz to 10^Hz on a logarithmic base. 

, 3 * " 

Solution : R = 1 .7x10”® ^,216 ohm/mHo 

° |xl2.7'^xl0^ 


VRq = 0.465 , 0.0636/VRq = 0.0137 


3E=O.Ol37Vf 

^c^^dc 


100 300 600 
0.137 0.237 0.335' 


1000 3000 

0.4325 0.749 


6000 jlO^ ■ 

1 .06 It .37 - -■ 


.37x10^.4x10'^ .3x10“^' .8x10^ 1.0017 


1 .0066f 1 .0182 


3xlo'’‘ 

6x10^^ 

1o5 

2.37 

3 ‘35 

4.326 

1 .1 48 

1 .35 

1 .8 


(The increase in resistance is not as much as what is”felt to be 


the case by engineers working with electrical machine slots!) 

Section g i lj£...Heat ing Loss and Temperature Rise 

The combination of- solar irradiation an-d I^R heating in sup^'mer 
raises the conductor tep^perature beyond the maximum of 65°0 allowed 





"by Indian Standards. At an ambient of 48° C, even solar irradiatio 
alone can raise the temperature to 65°C so that no 16 ad- current 
can pus-hed in the conductor. In a Moose conductor of* 3*18 cm 
dia .(-nsed for 400 kY llae) if 75°C are allowed as maximum by ini- 
proving Indian aluminium^ a current- -of 600 Amperes can he trans- 
7T>itted at 48°0 ambient. This is almo-st the. full- load current 
used- in UPSSB 400~kY line. At 20°C ambient,- for 65°C and 75°C 
maximamj the current-carrying capacity is incr'^ased to 900 A and 
1100A respectively. 


Average values of conductor resistances- used for different 
2 

voltage levels and I R loss per Em for transmitting different 
amounts of power at 1 .0 power factor are given below. 


azsiem kY - 

m.' 

13^ 

mQ.Q. 

im 

Re sjl.a_t an ce fgt/Em 

0.031 

0.0136 

0.0036 

0.0027 

PoTfpr Transmitted 

i.!a,ipg,s/EY 

,Ew. 


■ 1000 M¥ 

195 

24.2 

3-6 

2.04 

2000 

780 

97 

14*4 

8116 

5000 

r 

4875 

605 

90 

51' 

1 0000 

. 19500 

2420 

360 

204 

20000 

T” J - 

78000 

9680 . . 

1440 

816 


It can be observed that there is a vast reduct ion.-ii loss/Km 
as system voltage is increased for transmitting the saYe amounts 
of power. These are based on the following equations: 

Current I = P/(f3'7) , Ioss=3I^R=P%/Y-^ 

Ir/hen P ig^^'Kw, Y in kV,. R .i; ohm/Eg.^ the loss in Ew/Em 
(?'^R/Y^)10^. • 

If line length is L, then total loss = P^'Rl IO^/Y^'Ew 

= P^Rl/Y^ Mw. 

. » Efficiency of transmission iq. = 1 00‘P/( P+P^Rl /Y^) 

= lOO/d+PRL/V^) , f 


Tg mDe,rature Rise 

>Jheh current flows in a conductor and its temperature has 
icj.ched the steady, s.tate, the- heat 'balance equation is 



2 

( Intern^iwlieat d'^veloped by I fi+Bxternal haa.t due to solar irra- 
diation) = Heat lost by (convection to environment el air + radia- 
tion) . Let ¥■£, and ¥^ denote these four quantities per 

metre. 

2 2 " 

1) I R heating ; ¥-^=I R^, watts /matre- of conductor where R^= 
resistance p-r metre at maximum temperature. 

2) Sol ar Irrad iat io n ; ' ¥g = d^^ • s^^. 1^, per metre 

whore d^,= diameter - of conductor, metre, 

Sg_ = solar absorption coefficient, 
and Ig = solar irradiation intensity, ¥/m^. 

The maximum solar irradiation intensity is in the neighbourhood 
of 1-1.5 K¥/m^ in July at Delhi at noon time. 

The solar absorption co'^xficient s„ = 1 for well -wo at hared old 

B. 

conductor and 0.6 for new conductor. 

5) aaQyi<.s:LioiiJ:^&^-JlQ 

¥q = 5-73 /p v^/d^’.£.t, watts/m^ of conductor. 1 metro-length 
of conductor hes an area of (tc d^jsq.m. 

Per mr*bre length, tho convection loss is 

¥^ = 18-/ p. v^. d^. £iit, watts/m. 

Here, p = atmospheric pressure ii:i atmospheres 
= velocity of air in m/g 

and Zit = temperature rise of conductor above the ambient tempera- 
ture in °G. 


4) Rad iat io n loss ¥^ : 

This is given by Stef an-Boltzmann equation 
w^ = 5.702x10'“®- e ( T^-T^^^) , watts/m^, 
where e = relative emissivity of conductor surface 

= 1 for black body, 0.5 for oxidiaed A1 or Cu. 
T = conductor temperature in °K, 
and T^ = ambient temnerature in 

Tho radiation loss per metre length of conductor is -- 
¥^ = n; d^ w^ = 17.9 x 10“® e(T^~T^^) d^,, watts /m. 
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Ike heat- 13 33-31106 eqaatlo.n hoco^os 

Ig = 18. At. 1 ^p.-v^.d^)+ 17.9x10 


“8 



Bxa^plo 2 ; A 
ductor 0.0318 ^ 
diation^ p = 

( 500A/coadactor) 
ohm-T" at 20°G. 


400 -kV line hi India ue.:s,a 2-handlo ’T^oso’ coa^- 

dia.cach. Take T^ = 40'^0 and neglect eola.r irra~ 

V - 1 w/s. n = 0.5. load current- = 1000 A/phaso 
''rn ~ ' / » ; . ' 2 r- —R 

. Area of 'each conductor 515*7 = 2 . 7 x 10 

Calcul*=to the fiiini tc^peroture of conductor. 


Solution I Assa'5’''o final tf^poraturc to ho t^. 


n' 0 7irin"’® I+Q..tQ.Q45rte — ] — .48x10'~'^( 1+0 .0045t .) 

= 2.7x10 i-f0.0045x20 5 15 .7x10-6"^ ^ 


.*. = 12 (1+0.0045t^) per metre of each donductor at I=500A 

=18 fT^~.03T8 (t^-40) =3*21 (t^-40) 

= 17-9x0.5x0.0318 (T^/100)'^ - 3*13^) 

= 2 . 845 x 1 0 “"' [( 273 +%)Vl 0 ^ - 95 * 95 ] 


The equation for.t^ turns out to he 

12(1+0-0045 t^) =3*21 t^ - 128.4 + 2.845 ( 273+%) ^x1 0~’^~27 *3 
or (273+%)"^ = (589.5--11 .28 %)10® 

A trial and orror solution gives %il44^, [I'^R^s 1 4.38» Wp* 12.84, 

= 1 .44 for %r44 ] ' 

Rote ; At 40*^0, ta.king solar irr.a,diat ion contribution to add 
10 watts /m, % = 45.5'^0. 

•Q ' 

¥ith shlar irradiation of 1.16 kw/m*^, the contrihubion is 37 watts/ 
m » t^ = 54*1C»-iii-t=14. '■ . *■ i-.. 

P 4 ‘ n 

[Tc convert Ew/m to c al /sq.cm. /day ; lO^" cal/sq.cm/day=4.86 Zfti, '' ] • 


aoct icn 5 : Somr^ pyg-perties of Bundled Q^nauctors 

Bundled conductors are exclusively used for o.h.v. linns, 
(only one line in the world, that of B.P.A. in U.S.A has used 
expanded ACSR conductor of 2.5' inch dia for the 525 kY lino) . Upto 
nowps suh -conductors have hcon used. Figure 1 shows somo of the 
details that will he used. 
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R 
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Singlo Twin 3*~0or;d 


4 - rf 
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1 

■ 7 ) 
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\ 
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Bun dig Spacing .-.n c Bundle Ry^c'Lias 


/ 

-y'N- 

6 “0 end o 




/r 


? 




V 


P 


8 *-Gond'« 


Hor^allyj tne N sub-conductors of u bundle are distributed 
unfformly on a circle of radius R with spacing B between adjacent 
sub-conductors • We will call 3 = bundle spacing and R = bundle 
radius. 'The relation is B/2 = R siui { » giving R = 3/2 sin(‘K/i-0«. 
Bor R = 2 to 18 we therefore have the following relatioxis. 


H -2 

3 

4 

6 

8 

12 

18 

B/R 2 

\'3 

V2 

1 

V .7654 

.5344 

.3472 

R/B .5 

.578 

.7071 

1 

1 .308 

1 .874 

2 .884 


G-CQTnetric Mean Radius or Bq'uivalont Radius of Bu ndlia. 


Bor BiQst iTiTporta^nt cal.culations, the bundle of iT sub-conductors 
can be replaced by a single conductor hawing the oiuivalent radiiis 
r._ = (R.r.R^"**) = r [b .(R/r)^'^""’ ] = R(R r/R)^/^''^. It is the 

il-th root of the product of th~ sub -conductor radius ancU-the dis- 
tances of this sub-conductor fro’^ ell th~‘ otV-r (R-1) covipanions in 
thp bundle. These will bo 

r . ( 2R s in ^ ) . ( 2R s in . ( 2R s in . - - - ( 2R s in Tt) 


= r . ( 2R) . ( s in ) ----- ( s in 

1/2 

Bor B = 2 ; = (2 r R) 

H = 3 s = (2%^r s in ^ sin 

U = 4 : r^q^ = ( 2^R^ r sin ~ , sin 

The gonoral forr'ula is r.^ = (fT r R’^^"'^ 


iT -1 

IT 


7 t ) 



l /^ P 

=(3 r r2) 

sin 3^) 

1 /S 

) 


1/3 

1/4 


(4 r R^) 


1/4 


Examples : Bor the 400-k7 lin'-s ±:i India, r = 0.0318 ’T', 3=0.45^', 

IT=2. Calculato R and . 

gQ . 



Sola tip a j 
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, *■ 1/2 

H = B/2 = 0.225 Tr>. = ( 2x0 .0318x0 .225) =0 .0846m 

ilso, = fKB = /^'oi 59x0 ."45 = 0.0846 m. 

J’or 1200 k 7 line, 14 = 8 , d = 4.6 cm, R = 0.6 w. 

^oq = ^ r/R)’’/^ = 0.6 ( 8 . 0 . 023/0 .6) ^ /®=0. 5176m. 

B = .7654 R = 0.46 m = 46 cm. 

Tho equ±v3j.erj.t radius is useful for cslculatioa of (a) lino 
charge-j (1) induct?.ncr, (c) capacitance, and several other lino 
parameters • 

&lt®2 The- total resistance of an 14 -conductor bundle = ( 1 / 14 ) times 
the rcsist'-’iice of each sub-conductor. 


Si5cil2n_5_: Inductance of rhv L-inra 

Sound Oo ndu etc -p 

1) induot^ce da. to internal fla:. : O.SkIO-? g/^tre 

2} External flux- 1 inkage uptc dis!:ancc x.i l' 


2'n f'n(x/r) ,H/m 
2x10 '^ln(x/r). 




I 


tezponduct nr Tn. op (Single Phase or Bipolar 10) 

The currents are I and -I. 2 --f ^ 

doasoquently, any flux lino beyond 
the conductors such as line 0^ will 
link zero current. Therefore all 
flux linvos maat pass bet?rcon th? two 
conductors. Tho , f lux 1 inkago of 
conductor 1 has two parts il dnr> +0 -i-t- 

dn-^ -f-r „ X . p- s duo to Its own current, and ( ii) 

due to current an conductor 2. » ■ v 


Qjd i' ®-I 




\ 

\ 

\ 

I 

/ 


7 

— >1 y 


Plux linkage due to own current I will be 

" In 

d a = ^ ( L -1 ^1^0 • P—p 

■'r ' ‘ 2 IT ^ dx = 2 Ln — 


H'li = f 


Fleming’s rule shows that in -^-he v x' 

fluxes p^aaooa by I -I /e *■ 

flux linto^e of ooaduoto. , a«o to 

current in c'^nductor 2 will b( 


D-r 

r 
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D-r 







-LP'r, T,_3^ T D 


* Total flux liukfi^o of conductor 1 is 

• « 

f\ =yii -fi2 

Induct p,uco is 1^ 


Lii 
71 r 


* 11 ? . D»l 


/I = -= ^ ■- “ 


% 


Ln ~ , B./^ of conductor 1 


Tlic Tnid-plano G-G- 'botwc.on C‘.''aductprs is a flux lino. Tlidrcfore, 
tiiG inductance of any one of the conductors upto G-G vrill bo one 
half of . If D = 2H, and turning the figure around by 90'\ wo 
obtain the coiif igurat ion of a single connuctor pJbove ground. 


1 


Li 

271 . 


r- 


2tc r 


2 x10 ^ In 


Henry /’^ . 


GoTiibining this with inJuctanco due to internal flux linkage gives 
1^ = 0.5x10”'^ + 2x10“^ Ln ^ = 2x10"*'^(^ + Ln ^) , 


Por the very large values of H encountered in e.h.v. lines, internal 
flux linkage can he oviitted. 

BxaTT'ple ; For a 345-kV line, the single ACSR conductor has 1 .762 -- 
inch dia. For purposes of calculation, use r = 0*0586 ft (0.0179 • 

Calculate inductance pr-r metre-lengt h and jp error in neglecting 
internal flux linkage. H = 12’"'^ (40 foot) . 

Solut ion ■ L = 0.05 pH/TP 

I ^ 0.2 Ln (24/0.0179) = 0-2 Ln I 54 I = 1*44 pH/p^. 

% error = 0.05 x 100/1 *44 = 3*5/ 


¥-axwoll * s Goef t ic ient s j 

Considoring ^ ^ 

c all e d Maxwell ’ s co of f ic iont « 
as ^ Ln (2H/r), hut in this lecture it will be Ln(2H/r) which 
will also occur in capacitance calculation, [ifote-i- Bor 'all calcu- 


I Ln (2H/r), tho ter® Iaii( 2H/r) is 
SonmtitPcs it fPay also" bo writfceni 


1 at ions the averaga height to he 'Used is H 
Sag/3] . 


TPiniTPUTP height + 
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w/heta sai/pral conductors (phas'^s or pol'''S) arc prcaout above 
ground , o-acb carrying its own current, we can rcpl.aff'y ground 

plane by image conductors carrying curronbe in opponitc diructions 

««* 

but of thG same value* ^ '^2. 

Consider flux Linkage cT y\ ^ i~ 

\ 


conductor 1.+ Self flux liiikago 

. pv-. -^*1 OTT . 


is f 


ir 


-Oil 

2 % 


la ( 


2Hn 


n 


r, 


/ 




Duo to curront in conductor 2 ; 

Current in coadductor 2 produces flux in all space-y* Bub only 
tbe flux flowing beyond A ^2 link conductor 1 • Similarly, 

due to cui-rent'- In tb-e imag'^ of conductor 2, only the' flux ‘ 
flowing beyond « will link conductor 1. 


112 


ktio 

2Tt 


j 


I ^ h'^.^0 


dx + 


12 


Hix 


1 2 


) dx = ri .In . 

-v z 2 11 2 A. ^ 

±12 1- 


'Tne mutual Maxwell’s coefficient is thdn ln( 2A'j 2 ^ ‘ gonoral', 
between conductors i and tie mutual coefficient; -will bo ?...= 


Bor a syste'" of n conductors 
P-- 

rpi 

'nn 


[ 'V ] 


0 , 

2 % 


n - 2. C'U Wn = 


where [y]^ = [ — f^] aad [I]^ = [I,, 1^, 


Ibe elements of Kaxwoll 's Potonbial Coefficient Matrix arc 
= in {2HiAeq), and P. . = . 

For a bundled conductor, neglocting internal flux linkages, 
uiis radius to he used is the geometric mean radius or the equi- 
valent radius = R(l.r/R)^^^. 

Bx &fipbfe .--? Ihc ditneans ions of 400— kV 3“phaso horizontal line arc : -- 
H = 15 m, s = tn between phases, -conductor 2-x-5*18 cm, B=0. 4572m 
( ^..^alciilato (a), inductance matrix per Ett-j coasidcring no 
transposition, (b) same foff olly-traasposod lino (c) positive-sequ- 
ence react ancD per Kw at 50 Hz* 

4 
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solution: = IfKB" = 8.53 cm = 0.0853 ia. 

' oa oo (SO 


Pi,=P22=^55=^“(’°''°-°®5)=5 -S 


15 


J . ,=I,,=ln-/( 4 H^+s 2) ^g2 

0.53 


(a) [^lut = 


1 .0664 


m ~ 3 


[lit = 


~ 5.9 ' 

1 .0664 

0.53 


"1 .18 

0.213 

0 .106 

1 .0664 

5.9 

1 .066 4 

mH/K" 

0.213 

1 .18 

0.213 

__0.53 

1 .0664 

5.9 


0.106 

0.213 

1 .18 

+ 0.213 + 

0.106) 

= 0.177 

. ^ 

t 




8 0.177 0. 

177 1*- 






(c) !■. 


Lg-L^ = 1.18 


1.18 0.177 imH/Zt" 

- 0.177 = 1 mH/Em. 


At 50 Hz, = 0.314 ohm /Em. 


Note -that'-solf incLuctauc© of c .h.VH.* linrs is in tho neighbourhood 

I ' 

of 1 mH/Em, In gencrfil, a,s tho number of sub— conductors is 
incronvSod, self inductance s,nd ;;posit iv-..— soiuonco iriductan.ee reduce 
so tha,t the seric-s reactance will reduce also. Tho power— handling 
cap<acity will therefore increase. 


Inductano.G of Round goaductor wit h Skin Effecli 

Resistance incroases with skin off oct^ (f re.cLuoncy) but the 
inductance due to internal flux linkage decreases. This m^y not 
bo serious for e.h.v. lines whore the internal flux linkage is 
negloctc'd. This inductive reactancp at any fr^Huoacy is 


= (? K) 






ex' 


"di 


‘1 '2 ^ [B^^’/'x)] 




V o'*'. 


Whore 2c=0#0636 ff/sA R =:d*o* rosistahee, ^ ohTn/^^e* 




9153? 


i».»e fttii 
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In general, tho resistance and inaactance variat-ions are as 



S .. 9fftion„„6 : Ii.iae Oanacitance Oral cal at Ion ^ 

' ' ' ' 

Let p.d. "between conductors = 27. I 

Place a unit positive test charge at P. ^ 

_P 

r 


Then the electric field g.t P is 


(1 + 1 


G 4 


) 


P“27te^--'X‘ 2H-X 

where q. = charge on conductors per- unit “length. 

« a 2H-2 

Consequently, 27 = — ^ 


T — 2-.H 


- 

-■(- ) zr 

'—II M 1 ^ 1 


27te 


0 




itx. 


m 


Ln( 2H/r) 


By .^»otry, the r-ld-jaaho (J-O „ali ho at V. Tho p.d. hotwoon 

®® (l>y rotating, tho 41gnre 

by 90 ) will be ? =7. > . 

jList of cond. surface fro’" negative 

7„ = :^ in 

S 2716^ r 2ite^ charge^ cond. surface f row '“posit ivc 

r = ^^axwell»s potential coefficient P^ ^ . 
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Mu t aM.l Po t c nt i?JL Co cf f ic i3 nts 

Poteatigl f3,t locf’.ti'^n of coaducto’r 1 
due to tho ch.a.rges + q .2 and - q.^ is 


7 


12 ~ 2 Tie 


o 


Biat:_froK_ra2 _ ^ Ln 

Diet. froi^> “ 2 tio^-^^ 2 


H 


! o % 

H-V- 


^ T 


P ^2 = ln(I^ 2 /^ 12 ^ 


Bor a system of n c'^anuct.-’TS, t.b.G potent ioJLs of the conductors 
will he 

“■ 27te^ 2 H^ /r^q_) + Ln( 2 /-^j 2 ^ + - - - + q) 


'll ^2 


\ “ 2116 ^ 2 Tte^ ^ 2 ry'^ 2 n^ 

In ^\o.trix for^, [V]^ = 




[ V ]^ = [^^,^ 2 , “ - [^1 = - ‘ » 

ele’^euts of potential coefficient i^atrix are 5 »b before 

I'ti = I '“( 2 VW ' 

The capacitance ’^atrix is [C] = 2TieQ[P]^^ =2 ti8^[M] 

'Vo derived the inductance Matrix to he 


nn 




[L]^^ =-~ [I*] • If internal flux 1 inhages-- are ignored, we 
observe that [h]IC']=pQe^[U]=: '^[U] wh^re [U] = unit i^^atrix and g = 
velocity cf light. Calculations based on this relation are called 
^light -velocity theory calculations'. The charges q^ to q^ refer 
to the total charge of the entire bundle and not of each sub- 

conductor of the -bundle. , ’ ' 

- ' • ■ ■ I 

^ * 

BxaT"r>le ; For the untransposed 400-kV line, Maxell's Potential 
coefficient i^atrix was 
b -9 1 .066 0.53 
[ P]^J 5.9 1.066 

5.9 


- 0.176 -<).03 

- 0.03 0.180 
- 0.01 - 0.03 


.•.[K]=[P]' 


■1 
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The capacitance Matrix is 


- H.. 

[C]=2iie^[M] = 


9*77 
-1 .65 
— 0 *58 


1 .65 
10.02 
-1 .65 


0.58 
-1 .65 


• - 9*7-7 


ni'/Km 


[Mote; 27te^ = 10”*^/18] 

Por a coi^pletely transposed line, 

Cg = ^ (9.77+10.02+9.77) = 9*85 nP/K^, (1 .65+1 .65+0.58)= - 

, , - ■ ■ - -1 .29 nP/Eri. 

Positive-sequence capacitance Q|. = Cg-Cp, = 11.14 nP/Ki^. ¥e note 
that positive— sequence capacitance of e.h.v. 1-ines is iti the 
neighbourheos' of 10-11 nP/Kj". - With tho velocity of 

propagation using positive-sequence quantities is also light 
velocity. iO-so, 1) self -capacitances are all positive while ’T'utual 
capacitances are all negative. This is because a charge of one 
polarity placed on one conductor induces a -charge of obnosite 
polarity on another conductor. 

2) the centre phase has higher capacitance to 
ground than the outer phase's, even though the potential coeffi- 
cients are equal. 


Section 7 : Sequence Inductances and Capacitances 

This applies only to transposed lin-^Sj Thfe Tnatually inter- 
acting inductances and capacitances'”"can be resolved into indepen- 
dent sequence quantities. However, the real Tneahing of sequence 
inductances and capacitances is the flux' linkage and charge which 
sequence currents and voltages experience. ' 


2ero ..Sequence • Here [ I] 

= 

[ 1,1 

# 

■■ I',,] 




. ^s 


11 


_ * ' 'Tbp Ig . 


*1 



and'[V]g=[1,1,1]Vg 

\Ul . 


1 

1 


(Lg+2L^) Ig. 


The zero-sequence inductance is 1 


0 


= lg+21 


m 




Positive sequeape : sin -wt, I 2 = Itv, sin (wt'-120), 

sin (wt + 120) 

“s in wt 
s in( wt-1 20) 
sia(Kt+1 20) 




““rn 


S 


TIT 






-•til 


Ii. 


I^=(L -L^) 


X/ “* li^ 
s 


Negative sequence : L 2 


Xj ""Xjyy* • 

s El 


m 


s in wt 
sin(wt~1 20) 
Sin(wt+120) 


Ha-nacitance : The seq,uence voltages are 

[7^]=[ 1 , 1 , 1 ]Y, [^ 1 ]= [ a.in’ wt ^ ■ s in (wt-1 20), s in( wt+1 20) ]V- 


0,8 ing the relation [q.] = 27ie^[P]~^ [ V3=[C] [ V] = 

vre obtain, = Cg‘t-2Cjp, 0,j=Cg— Cjj,, C 2 = 0 g— 

The folloxong properties ^ay be noted: 

1 • The 2 ero-seq,uence-in'CLactance is higher than the self-inductance 

1„ , while L, and 1^ are less than 1„ . 
s * 1 2 s 

2« The converse is true for capacitance. Since is a negative 
q.uantity, 0^^ < 0^ while C-j and C 2 are ^ Og • 

3, In ter^s of the sequence quantities, the self and ’'Mutual quan- 
tities are : 


■"m 


C. 


w 


'tp 


's 

-'TP 


0 


in 


C, 




s 


s 


3 

t c„' + “'iaY) 




» 


^(o-„ - a,) 
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Secbioti 8 : T. in^ Pa.ra.?"eters fo r ^^odes of PrOPat?!S.jLS.PJ I 

Wiea swil/Cliiiig or otlier ■fcraflsioQij operatjous are being 
studied on trans’^'’iss-ion lines, it is a difficult Matter to inves- 
tigate wave propagation on conductors which are characterized by 
(a) velocity of propagation, (b) attenuation, ahd,,('c) surge 
impedance, when Mutual interaction between the ^ulti—con due tors is 
present. The waveg ^’ust be de-coupled on transposed as well as 
untransposed lines. This concept was first applied, following the 
idea of syw^netrical components of Bortoaaulf- hy G.IS. Ada^s for 
radlo~lnterference studies, for the fully-transposed line, analy- 
tical expressions in closed for^ for the transformation matrices 
can be worked out. But an untransposed line can only be handled 
on numerical basis when all inductances and capacitances are known 


Diagonaligation Procedure 

The diagonal izat ion procedure will be illustrated through 
the inductance matrix of a transposed line, 




r h 

S 




\ 

11 

1 1 

I'm 

^S 

hin 




^in 

3 J 

S^tep, 1 : Evaluate the •oha.ra.nter’ist in -rnDts > n-r 

the determinatal equation 

1 Am 

- [1] 

= 0 . 

This gives 

X -Lg. -Lfflj. 

-I'm 




■“hjn ^ -Lg.. 

“hm 

»0 giving^*L 


-I'm -Itt. 

A-i-s 



Step 2 : f&r each of these eigenvalues in 

turn. 


eigenvector |x^]^which will be column ®atrix^ according to th'"' 


e in at ion 

^ - [y ^ [ x „] 

Consider ^ 


[ 0 ] 


^>i[p-[yjl i£[= V 


i 




2 -1 

“1 2 

s*- 'r "r 

-1 -1 


-1 

-1 



'h ' 


0 ^ 


^2 

= ; 

■0 

J 

-vr- 

L^J 


»’ 05'-. 


-i^+2Z2'-X^=0-^ -X^-X 2 +' 2X^=0. By choosing the eigenvector 


X. 


1 


By following a si’^llar pro- 


['!].- Its normalized for" is [ 1 ] 
cedure us 3 ^g the other eigenvalue results 


[y.ll 


■111' 




**** JIX. 

0 ^ 

i^2 

tn 

111 


^2 

' = . 

0 


■ 1 1 1 

U. 




_0.. 


giving y^ +72+73^=0 


Once again taking y-] = 1 , we o'btainay2+y2 = -”y-] = ”1 * 

fc i 3 .ow have an infinite number of choices for the valuas of y2 and 
y_. These ’’’ust suit engineering considerations. The most conve- 


nient value is tn let. y2=0-‘ 

and its normalized foim-’ = 




Then y„ : 

h 


'1 . The eigenvector is 


Since -)^f gives the sa^e equation. Wo now choose 
z^=z^=1 giving z^=«2. Bor this case, the eigenvector is [~^] and 
the normalized form = ^ 

Step * 5 1 ' The coypljl.ete eigenvector nector in normalized for" is 
called the inverse 'of the transformation matrix: 




-1 


-J. 

f6 


'f2 

V3 

1 ’ 

, and [T]= ^ ^ 

V2 ^2 

n ' 

, n 

0 

-2 

1(3 0. 

-f3 

J2 

-f3 

1 ! 

1 -2 

1 


I 111® given inductance matrix is now diagon-alized by the 
multiplication (as can ho verified) 


[T]"'[L][T] = 


i 


L 


L +21 

S m 

0 

0 


0 


l^"'l«^ 

s m 


0 


0 

b 


L 


s 



= [A] 


The mutually-cotipled waves are now' de— cou;pled. The capaci- 
tance matrix or the surge- imps dance^^matrix could have been used 
and yields the same transformation matrices. In this case, the 
eigenvalues- turn out to be equal to the' zero, positive, and 
negative-sequence quan-tities. 


Interpret ation of Bi^enve.ct.or...MatiLix 

1) Corresponding to the first eigenvalue the eigenvector has the 

1 I ! 

elements [ 1 , 1 , 1 ] which can be interpreted as follows; In the first 
mode, the voltages, currents, charges, and the accompanying ener- 
gies are all equal and of the same pola>rity. In general i'" the return 
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_ current flows in tlic ground, and the attenuation of energy is 
high hecause, of ground resist-ance li is usually called the ' i' ' 
'1 ine— to ?“g round ’ ’T^ode or ’howopolar' Tnodo* At radio froq.ueacies 
of IHHz, attenuation is 6 dB'/ID®. | ; 

2) The second eigenvector is [1»0,t1] which involves only the . 
outer phases. The centro-phaso is not involved in the propagati: 
One outer is the 'go’ and the other is the ‘return’. Thc.'roforo, 
ground is not involved. This is- called the 'line -to -lino r^odo o3 
’1st kind' or-the 'phase-phaso ’ mode. At 1 MHz, attenuation is .■ 
about 1 dB/KiP. 

3) The third Glgenvector" is which can be interpreted as 

saying that the current ‘goosf-ifi the outers and 'returns' in the 
centre phase. The. charge distribution is [+q.?-2q.»+q] and so on. 
Ground' is not involved and attenuation at 1 T|Hz for radio-wavo 
j^ropagation is about 0.17 dB/Km. Jhis is call^^-the 'd,in.e-to-lh 
mode of the 2nd kind’or the 'inter-phase’ mode. 

The concept. of modes of prepagation is also very useful for 
coupling, modes of ■ carrier equipment whore attenuation of spooch 
and sign^e is of concern in determining transmitter and roceivcu 
powers . ’ ; • ; ' 



¥0 otsorved that [I][0]= ^[H] foi- a miy-transpoacd 
Suppose we pro-mult iply hy [j:]^ and poste-mtatiply ty [t] . ihon 

[T]m[l][0][T]= [T]-'[1][T] [Tr1[c][T] ^ [T]-1[U][T] -L 


-b 

<dMb 

'■0 |l0„+20„ 

S ^ 

' 0 

*tm 

, ■ 0 


° ■ 

0 - 0 

s w 

0 

_ -J-— j-yn 

o 

D 

i 

— 

0 

r* — n 
s m : 

g 


This glues (V2I'm){0„+20,) = 1/g2 

U-s-l-.) =1/8^' 


Shis shows that velocities of propagation o'f wave-B In all -three 
modes are equal to each other and to light velocity. This is tru 
when ground. return Induotanoe la nogleotod. Dsually, in tho 
first or line-to -ground "o‘ae,-lflawt<BWOof griiund-return roduoos 

. ' T . 


the velocity of that modal component to about 2.5x10^ m/s or 83% of 
light velocity* 

Un transposed line? following the steps given before, using numeri- 
cal values, the eigenvalues and eigenvectors can be worked out. 


Section 9 5 Besistance and Inductance of Ground Return 

Under balanced operating conditions of a transmission system, 
ground-return currents do not flow* Some of the situations whore 
ground -return is involved are s 

_(a) Short -c ire ui t s : Single line to ground and double line to ground 
faults • ■ ■ ■ ' ■ 

(b) Switching Operation. 

(c) Propagetion of waves Cto. conductors, (BLC) 

(d) Radio intcrforonce studies. 


The ground-return resistance increases vrith frequency of current 
because the current does not penetrate deeply and area of conduction 
decreases. But the inductance decreases because the flux lines 
cannot find as large an area as at low froquoncios. 

In every case, the soil is inhomogeneous and stratified in 
several layers with varying conductivitios • In this section, the 
famous formulas of Crirson v/ill be given which apply to a single- 
layer homogenous soil. 

The values of conductivities on the av^^rage are : 


Moist soil 


loose soil 


clay 


1 0 mho/m 1 0 

To convert to o.g.s. units, multiply these by 10 
depicts the important parameters involved 
i and j are referred to any 
chosen origin located on ground 


Bed rock 


10 
11 


mho/m 
The figure 


X. and X . of conductors 


e. 


HI 


i 




surface. Cg = soil conductivity 
in mho/m, f = frequency of current^ 


from 'imag 
G 


w of conductor 


i, metres , © 


j 






= distance of conductor i 

, „„ , 

arc tan 

1.7811, Euler's number, and p.^=4frx B/m» ^ 




1 
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She mos t important parameter for the calculation -is = 

-tj usual G*h4vi linos, < 1 . In c,g,s* units, 

^ij “ ^ ^ G»g*s. units • 

Haring found r^^ , the ground-return rosietanco and induct aneo 

are : 

% = Stff 1o“^ ohm/Km, Ig = Honry/Km, where, J^‘ and 

Jiare calculated as follows 


IT 


- (I-S 4 ) ^ + 0,5 S2.in(2/G r^p+0.5 9^^ ^2 

2v2 




Ihuro arc soToral quantities above which arc given by the following 
infinite series, for 1 . Jor most oaloulatioffionly 2 or 3 ' 

Inadlng toimis will be sufficient, as shown by actual oaloulntlon foi 
400 kV line . ' ■ 


CO 


Sg = X (-I)K ( /2y(2K+1) 1. 

■ ' • (2IC+1)1(2K:+2)». 


cos ( 2 K+ 1 ) 2 e 




3?2 - SFjuG as Sg with cosine channged to 


sine . 


0£^ 


Sa =2. 


"4 = (-1)^-’ (j., ./2)« 

K=1 ^ 


1 


/ Tr -1 \ i y " COG 4* K © * - 

(K+1)l (K+2>| ^ 


I 4 - sfime as S 4 with cosine chacngcd to sine 


00 


(4K-.1) 

K=1 ■ - iJ 


^2 ~ •25-' ^2 


TT3 — • •<4JC-3)e4^ 

1 .3 . 5 ’' (4K-1,) 


00 " 

b =5 (-i)^-h 


K=1 
5 


W, = 4 S. , , 


"4 ~ 3 ^4 


P (4K-1) 1 

ij "7~r^ * cos (4K-i)e.. 

, 3 ^ 52 , 




w ’■ 
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Th-G important and interest ing properties of R and 1 for a 3-phase 

O & 

horizontal 400-kY line como out to be, nof’rly 





'1 1 1 


" 1 

1 

1 

R 

g 

1 1 1 

Llg ] = Ig 

1 

1 

1 


J 

1 

1 

1 


It is left as an exorcise to diagonalize theso 1 . 


Example : 400 kY line 

Iho frequency selected is 1 KHz 
which is useful for switching -surge 
studies# mho/m* 

(11/26) = 0.4014 rad = 023. 
6^^=tan“^ (22/26) =0.7025^, 




II 


7f 'X I O P 

\ ‘ /I -^3 

18 , V- yij- 






©11=022=633-0. y 2Trp^ f Gg 

: ri 1 =0 .234 » ri 2 = 6 .27 , ri 3 = 6 .306 • 

Self resistance : Rn^ R22> •^33* this, 0^^. = 0, 


S. = ( 

5?o = 0 
S 


0.234-^2 1 


^ / 

'2 / 9 2'f ^ 2 


0.234x6 1 




3(4! 


+ ( 


0.234x10 1 


-) 


• 51 6t 


0 .00685 


2 _ u. W2 = 0,00856 = 1 .25 ^ 

0 . 117 '' 


'4 * > which is negligible* T^=0* is negligible- 

3 • 3 * ' " 

Wi = = 0.0043. = P -^ p i- =■ 0.00028. 

‘ T .3 ^ 3 .5' 


‘ • 

« 


^r 7 ^ 0,00685 . In 54-Pk^|i 


/■■ ir. -. .1 0*004-6..,. -1,C55 


= 0.4. (Note = Tf/a = 0.3925)' 

' * ■' 17^ ■ 

= 0.25+0.5x1 .61 - X 0.00685 + — " 

,*► R^j_ = STTx 1 o^ X 10**^ X 0.4 = 1 ohm/Km 
= 4 x 1 *055 X lo""^ = 0.422 mH/km. ' • 
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Mutual (1~2) : Calculations give = 0.3985'ii *4, and 0.9^2 
,** E^2 = ohm/Km, l‘-^2 ~ 0«“58 laH/Km 

Mutual (1~3) t Jj: “ 0*3925j 1;^ = 0*89 
• **, o 1 okm/Etfl} = 0»356 iriH/^ _ 


1^1 = 


1 

1 

1 

[0.422 

0.38 

0.3561 

' 1 

1 

1 

ohm/Km and [ligjJ 0.38 

0,422 

0 

O) 


1 

■ 1 

' [o.336 

0.38 

0 .422J 


loH/Em 


Avenage inductence Ig = (O •422x3+0 * 38 x 4 + 4 + 0 *3563^2) 0«39 iiiE/Kiiii 


This gives nearly 

"1 1 1 




= H 


g 


i 1 I = 
1 gd 


g 


1,1 1 

, 1 ,; 1 1 

^ f 1 .1 

1 1 1 

1- 1 1 


with ohm/Km. 


with Ii = 0 .39 ioH/Sii 
g 


It would appear therefore that only one quantity would be necessar; 
for each of these two matrices, This property is usually used by 
everyone • 


Section I0 : Oorona-Inception Gradient apd Maxiitium Surface 

Voltage Gradient on Line Conductors 

Corona Inception ; Peek’s formula for coronaT-incoptioh gradient 
on a smooth conductor above a ground plane is. still the best for 
design purposes • This is 

B * 0 + 2^),-kV./dffl» r.m.s. 

os fp \ ^ 

Herei r = conductor outer radius in cm., -and £ = air-donsity 

factor =: ^”760 P mm Hg, Indian standards uso 
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t =: 20°G but will consider 2T°0 in future .F The factor (273+20)/ 

0 — 

760 = 0-3855 j* liio pressure rarics with elevation and temperature, 
She variation with elevation cen be tahon as 1o millibars (7 *5 mm) 
per loo metre change of elevation, Icmp^ratuix correction is not 
very important e 

On stranded conductors, corona'-inception oceux'S at low^r gra- 
dients which is known as the nominal smooth-conductor gradiont * 
fhis is taken into account by using a roughness factor m = 0,7 to 
0.8 in fair weather^ end 0.55 to 0*55 in rain. = m 

E:e ample i Eor a Moose 0*0318 m di=i conductor calculate the corona- 
inception gradient at elevations of 0, lOOOj 2000, and 3000 m above 
sea level. Take tho tempcrr:tm'cs as •40*^> 30°, ”20° and 10°C res- 
pectively at theso elevations. This usually corresponds to a 400 kY 
lino running in North Indian plains to the Himalayan regions , 

Take m = 0 .75 * 


h 

. . t 

!' ‘0 

tooo 

50 

3000 

?o 

5000 

io 

metres 
, °0 

P 

7.60 

685 

ilo 

535 

mm 

S = (,'3855-2'Yjt:^) 

0 

0.8715 

0,8026 

0.7288 


®bs 

25 .0 ' 

23.4 

21 ,75 

■' is .96 


Eor 

Fs ,75 

17,55 

16.31 

14.97 



Notice that as elevation increases, corona-inception conditions are 
more f ovourablc . ''On hilly terrains, ' this ' probiom arises evon though 
a conductor may be" designed to bo corona-frcc. in ihe plains. A 
parallel with PaschehF3"^Iiaw can be found in this. Paschen's Law 
for breakdown of gaps^'in uniform fields is (pd). As p decrea- 

ses (above the Pascheu Diinimum), for the same gap le'ngth'i breakdown 
voltage decreases j Hence the, breakdown gradiejst ("V-j^/d) also 
decrease^,, ■ i ^ , t ‘ • 
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Maximum Surface Toltage Gradient on 

The s^irface voltage gradiont depends on charges on the sub- 
conductors of tho bundle. This will have to be found first from 
the equation 

. £ <3/2^60^ = W = where 

^Y'j =, Y ^sin wty'ain (wt-l20), sin (wt+120)J 
[P'] = Maxwell's potential coefficient matrix, ■ 

,^ii =1^ (2Hi7r^^)-, P-. =Ln Cli/A.p, i/j. 

Since the voltage of any phase conductor is varying with time, 
the surface voltage gradient will also vary at 50Hz. In e.h.v. 
lines, th'o^^ijihaso separations 'and heights arc very largo in compari- 
son to the sub-conductor radii and the ^spacing bet'ween sub-conductor 
in- tho bundle. It is therefore assumed that the changes on the 
other phase conductors and the Imngo conductors have negligible 
effect .on the- surface voltage gradient on the sub-conductors of any 
bundle* 

In tiBio, therefore, maxim'tm value' of charge occurs vrhen the 
voltage of that phase passes through its maximum. In a computer 
programme, depending on the required accuracy, all factors can bo 
incorporated.- Thoroforo, for a 3-phasd line, where q-ijqgyl^ arc 
total bundle charge ' • ' ’ ’ ' ' 






sin wt ' 


= Y 

^^22 ^^3. 

i 

sin (wt-l20) ' 


.is' ’ ■ ' 

1^2 


sin (wt+l20) 


Considering phase 1 , when its voltage passes through maximum or 
peak value, the voltages of the other two phasos aro passing througfc 
nogative half values. 
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Maximum value of will occur v/hen 

( Q.'i /2j^ Q ) = V F M-| 1 ~ 0 *5 (M-i 2+M-i -z )1 • 

vA<t.y . 

Similarly, ('qj/Z Tf = V [llgg-O *5 ■ (Mg, -Hilz;) J 
aM (V2-ff''=oW = v[m33-0.5(M5t«32) ] 


Having fouoi the charges, the maximum surface voltage gradients 
can bo found as follows* In the expressions;, <%_ denotes this maxi- 
mum charge* Also, v/heii Y is in kV r*m.s*, the' surf cacc voltage 
gradient will be in kY/m r*m.s. 


1 ) single conductors 
E, 


max 


--X— 


1 

r 


O 


nr 


2) (Dwin conductor .; Ihe change -on 
each conductor - "q/2. 




O 


k- S - X "R r#| 

In the case of^bundled conductor, the surface voltage gradient 
Varies along the psriphery of , the conductor* When a unit positive 
■^est charge is placod at P^, the -forces due to charge oh both 
conductors are .in the -'same direction, while at P^ they are in oppo- 
site^ directions • Pho maximum anywhere on the periphery occurs at 

* ’ ■'* Q *1 *“ *1 

P^. vPue to its own charge, the electric field is * r * 

Pue to the charge; on the other sub-conductor of the buiklo, the ^ -j 
electric field at P^ would bo given by ^ 

But we have to double this for the reason that when a conductifig 
cylinder is placed in the imiform field of a charge, the stress 
on the cylinder is twice the stress when it is not present* Assu- 
ming that the left Bub-conductur is sufficiently far that it pro- 
duces a uniform field at the location of the right sub-conductor, 
tile flQld is ?--E ■ 
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* # 


Tlic n-TKiiauni surfrco V'jlt !go grr.diciiu is 

1 ,1 .’l‘ n 1 1 


G, 


m 




ro- 


5) To derive a gcnorr.l formula, 
CO ns id or tlic 4 conductcro i'' Tlic 
charge on each sub -conduct or 
is q/ 4 -= q/U* , 


1 '1 


4 '"] 

6.r5sw.-'-^eE ^ 

« «a\. ' 


Buc tc conductor charge ; 




4- 


Duo tc ocnauotor 1 ! ^ ^ ^ ^ . jj 


-1 *1 irr 

I i w* 2 


Due tc conductor 2; ^ 2 ^— g '^ ^o * T* 


1 2 cos tT /4 ^ q 1 1 


2R sin 


7rc~^% K 


', ;A-lsc>’ t Ej = E2 


*• B = E-i +B q+E^+E, 
21 . i 2 ,5 4 


2 tTo, 


1 1 r u 1 +i + 1 

X r L E ,,S ^ H 


1 


■■ ■ g. 11 ri 4. 5 _j_ . 1 1 r. -.s rr 

“ 2^0^* 4 *r ^ ‘ + s )" ife' I r rJ 


o i 


0 


The general formula is [_ 1 +(H- 1 )/r 3 •■ 

* * “^0 


Hero, q = charge on the total bundle,,; r.nd (q/l) is the charge on 
onoh -sub-ro endue tor . .Bor an 8-conductqr • ,' • 

bundle, tho ^-qrccs arc 


~r\S 




E 


O' 

/ \ 

q 11-ni q11 ‘ \ ^ 

1 " H s » 74 X 

" ‘ V 1 * k.'* I 1^ « ^ \ 

, 1 , ^2 cos q -11 / 

8 5- gff -sin S2t° ^ ?iT%— • g-gx • W\ ' , 

« ^ if,' ^ ,-f' o 


4' 


B2 =B, 


* 


% 


« © B. 


^ 2r 0, 


0 o , 


/ 

z 


^ [ ? + s]= 7^ -< 1 + 7 rA) 

, 0 . ' . i 

is, 
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IBssamplc^ * u».t 2 *r;naposcd iioa?±zcnl!nl '400-^7 line,. 


/i = 


b .1 76 "0 .03 -0 .01 

-0.03 .. 0.180 -0.03 

l-O.Ol, -0.05 ^0.176 


. V=420 r/, 1-1, r.in.s. 
= 242 .5 KV , 1-g j r .m .S3 * 


Por the outv^r phnscs : “fT^” = 242.5x10^ Lo*’^76+0.5(0.03+.Ol)J 

^ = 47.53 X 10 ^ 

Por the centre phase ;• — = 242,5 x -10^ [o.lS + 0.5 (0.03+0.03)1 

= 50.925 X 10^ . ( 7 . 14 ^ more thcan outer) 


Maximum surface Yoltage gradients : r = 0.0159 m, R=B/2=0.2286 


'w 


Outer phases 


E, 




1 t' 


'mo ~ Tffe^ • ? ’' 0 . 01 ‘55' 


n , o ; oi 59 ' V 

o;528r" ^ 


Centre phase 


T7 

iij 


mo 


1598 K7/m = 15.98 K7/cmj r.m.s 
1713 KV/ra = 17.13 KV/cm, r.n.s 


Mangoldt Bormula (Marlct>wMengel’^'''i’ormula) 

Bor a 3'-phase horigontal line, the maxhnum surface yoltago 
gradient on the subconductors cJ an B-conductor bundle can be 
written down in closed form. This is called the Mangoldt formula, 
also known as Markt-^'/iengelo formula. The average height- H to be 
used for c.h.v. lin^s is 
H=minimum height at mid span + sag/3. 

Bor the horizontal configuration, 

\ = E(B r/R) 

\l = I^-]2 = ^23 = (V4i?+?/S),, C/4?+4S^2S). 




'1 


Ir 


■ml 

•m2 


■m1 

3 

's 

■ml 


■m2 

■ml 


a 


1 



qg 

J . 

15 


2tro 


O 
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For any phase, maxjonum occurs v/hen tho voltage of that phase is at^ 
value ana 'the other two phases have negative i value* Dhis applise 


to charges also. 


For the outer phases ; “L^s 




TTc, 


. , V ?K ,, r T S Ah^+s^ /h^+S^ ) 
5s-°-5(W*=n2) -0-5 -S- •^S- J , 

- C Q V 




cq 


• • 


% 

TttT 


V 


1 


In -pL 0,5 lai y(4HW)(HW)/s^? 




i ' ■> 

!rho maximum surface voltage gradient is 

% 1 1 • r. . /,/.v /^i % 


s. 


i i [1 + (Nr'l) ^/rI where can he 


"mo " ,2jfQ^\ I r L ^ ■ ^Tfc 

written out in terms of the- li3ao-to~grc;und vol-fcego and the height 


H and phase spacing S. 




V 


For the centyo phase ; "^^~o 


In fL - 

oq 


"“7““ -rrr— 

/(4-II +S^) 

g-..- 


B. 


me 


'r Li + (B-1 ) r/R 3 

2HS 


N .r . In 




lor V = 242.5 w, 11=2, r = 0.0159,. = 0.085,, H=15, s=ll , E=0.2286, 


calculation gives 1695 kV/m =-16 *95 kV/cm. The previous value V'/ns 
17.13 kT/Km. 


4 




PARTIAL 

LIST OP AG SR 

GOPDUCTORS. 

ITame 

Overall 

Dipinctor 

Inches 

Area, 

Circular 

Ostrich 

0.68 

300,000 

Oriole 

0.741 

336,400 

Lark 

0.806 

397,500 

Hry/k 

0.858 

477,000 

Parckcet 

0.9U 

556,500 

P.. -.ic ock 

0.953 

605,000 

Plaining 0 

1 .000 

666,600 

Drake 

1 .108 

795,000 

Cardinal 

1 .196 

954,000 

Bunting 

1 .302 

1192,500 

Pheasant 

1 .382 

1272,000 

Man tin 

1 .424 

1351,500 

Plover 

1 .465 

1431 ,000 

Pale on 

1 .545 

1590,000 

Ohuknr 

1 *602 

1780,000 

Kiwi 

1 .737 

2467,000 

Expanded 

1 .600 

1275,000 

Expanded 

1 .750 

1414,000 

Expanded 

2.320 

2294,000 

Expanded 

2.500 

3108,000 



^ Trr-T r-r ■-t-jjl.h ir— bt-tt- r" 


EDB-69 


•NORTH BSRIOAH KMRPiCTURE 


ccT Sippr^z ini'i t c 

Mils Strp.nding CTxrrcnt carrying 

capacity, 50*0 

Temperature 

Risc{lmpcrcs) 


26/7 

500 

30/7 

530 

30/7 

600 

26/7 

670 

24/7 

730 

24/7 

; 750 

24/7 

800 

26/7 ; 

900 

54/7 ’ 

IOOO 

45/7 ■ 

. 1160 

54/19 ; 

‘ 1200 

54/19' • 

. 1250 

54/19 

1300 

54/19 ' 

1380 

84/19 ^ 

. 1600 

72/7 

2000 

(50/4)/l9 

1200 

(58/4)/l9 

1280 

(66/6)/l9 

2100 

(62/8)/l9 

3000 



Table II liidicn Manufacturer IS:398' (1961) 


Ooyotc 

0.625/15.86 

- 2 
EIC 128.5 inn 

26/7 

Tiger 

0 . 65 / 16.52 

128.1 

50/7 

Wolf 

0.71 5 / 1 8. 3 

1154.3 

30/7 

lynx 

0.77/19.53 

179 

30/7 

Panther 

0 . 828/21 . 

207 ■ 

30/7 

lion 

0 . 875/22 .26 

232.5 

30/7 

Go!^‘t 

1 .02/25 .97 

5I6.5 

30/7 

Sir^cp 

1 .1/27.93 

566 .1 ‘ 

30/7 

lo-r 

1 . 1 8/29 .89 

419.3 

30/7 

Elk 

1 .24/31 .5 

465 .7 

50/7 


Moose 1 . 25 / 31.77 515.7 54/7 


Table 

III 



COPPER 

OOl'IDUGTOR 



Sumb'er 

Siametcr 

Approx • 



inoh/iam 

Gurrent 



G srr jriiig 
Gap; .city,! - 


7/0’- 

6/0 

5/0 

4/0 

. 5 / 12.7 
.464/1 1 .785 

. 432 / 10.97 

.4/1 0 .1 6 

480 

3/0 

. 372 / 9.45 

420 

2/0 

.348/8.84 

360 

0 

. 324 / 8.23 

3 I 0 

1 

. .3/7.62 

270 

2 

.276/7 .01 

230 

3 

, . 252 / 6.4 

200 

4 

. 252/5 .893 

175 

5 

.212/5 .385 . ■ 
;1 92/4 .877 ' ' 

150 

6 

125 

7 

.1 76/4 .47 ' ' 

IIO 

8 

.16/4.064 

90 

9 

I 0 

;1 44 / 5 .658 ■ 
.128/3.251 


( 
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TABIB 



Propterties 

of Some 

Metals 


Metal 

Specific Resistance 
ohm~m 

Temper dture Coeffi- 
cient of Resistance 
per ^>0 

Spec if ic 
Gravity 

PLatinum 

10*6x1o”^ 


0.003 

21 .45 

Iron 

10 


0.005 

7.86 

Molybdenum 

: ,5*7 


0 .0033 

10.2 

Tungsten 

5.5 


0,0045 

19.3 

Aluminium 

2,7 


0,00446 

2.7 

aold 

2.4 


0 .0034 

19.3 

Copper 

1 .7 


0 .00393 

8.92 

Silver 

1 .63 


0 .0038 

10.5 ' 
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PROGEP [JPa3 S P OE_ _ _B .H .J_ i 
P art I : Based on 


Phis is Part I on Q.h*v. transmission-line design. It docs not 
cover system or interconnected network design such as load flow, but 
only the design of the- line from the generating end to the load end. , 
Part "II covers line insulation clearances based- upon power frequency.^ 
lightining,, and switching-surge overvoltage* 


• Phis lecture will cover the following topics: 

, 1) Introduction ‘and problem statement. 

2) Pimensiohs ’ of typical e.h.v. lines. 

4 

3) Pesign limits and .coiitraints for 

(i) current density? (ii) voltage limits? (iii) corona- 
inception gradient and margins? (iv) Radio Noise? (v) Audible 
Noise? (vi) Electrostatic field? (vii) corona losses? 

(viii) Pine compeHsation. ’ 

4) Pesign Pata and Equations. 

(i) Pecision on voltage and load delivered per circuit? 

(ii) charge of conductors? (iii). Electrostatic Eield? 

(iv) Conductor Surface Voltage Gradient? (v) Corona-inception 
gradient? (vi) Radio Noise level?, (vii) Audible Noise? 

(viii) Corona loss? (ix) Voltage control at Power Ercquency. 

5) Pesign Examples, 

(i) 400 kV 400 Km looo MW with only shunt reactor compen- 
sation? 

(ii) 400 kV 800 Km looo Mw with shunt reactor j50?S series 

capacitor compensation? ^ 

(iii) 750 kV 500 Km 2000 with only shunt reactor 
compensation. 


E33B-75 


I, IHTRaDUGTION 

Extra High Toltage (BHV) fud Ultra High Voltage' (UHV) lines 

for 400 hV to 1200 kV and higher are being exposed to nature ?fhich 

have important environmental effects so that design constraints 

have to be not only stringent but also emphasis has to be shifted. 

Upto the ;345 kV level, line designs have been based upon (a) current- 

carrying capacity (b) use of synchronous condensers a-rd switched 

capacitors for voltage control at line ends, and (c) insulation 

clearance at towers-and between conductors based upon lightaing. 

solid 

requirement* Recently, sophisticated /state VAR systems are coming' ■ 
int 0 use *• 

But at the higher voltages (400 kV and *Wbove) the important 
factors to be considered are 

(a) current density because of increased loadingj , , 

(b) bundling, corona-inception gradient and loss? 

(c) shunt— reactor’ and series-capacitor compensationj 

(d) electrostatic field effects at bOHzj 

(e) radio interference and audible noise; 

(f) insulation coordination based upon switching-surge levels; 

(g) miscellaneous factors such as ferro— resonance , increased 
short-circuit current in ground, singSJd— pole _rec losing; and 

(h) use of gapless surge ’.arresters for both light ad i ag and 
, switching-surge duty • 

This paper gives proposed design procedures for e.h.v. lines 
(a) to (e) which are steady-state limits, while the second and ; 
subsequent part describes insulation design requirements based on 
transient considerations, mainly the dynamic voltage rise during 
single-phase-to-ground fault, lightajia^; and switching operations. 

■Resign of an e.h.v* line -is always a case-by-oase study but 
it is the purpose of these papers to give the outline of procedures 
that can be followed and suitably modified* -The contents of the 
papers .will he useful for line designers,, rese^ch workers, iaanagers. 
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and decision makers * Tteo examples are worked out to illustrate 
the application of the procedures to (i) a 400-Km 400 kV line -with 
'only shunt ~*re act or oompensationy (ii) a'n 80Q***Kai 400 kY line with 
Shunt reactor and series— capacitor compensation^ .and (iii) a .500—Km 
750 'kY line without series -capacitor compensation* 

OF TYTICAl LUES 

■' Table I gives major d im eiis ions .csf some typical lines existing _ 
and proposed in the .world from 400 kY to 1300 kY , A.C* (All dimens- 
“Ir^ns are in metres). 

Table I: Dimensions of Typical Lip.es 


Mo. 

Yoltage 

Type 

Conductor Details 

Height 

Spac ing 


kY 

M 

r 

B or H 

H 

_ S_ 

1 

400 

S/C ,Hor . 

2 

. 0.0159 

B=0.4572 

13 

11 



S/O, I 

D/G . , 




I3.5y''-21 .2 
12.4, 21. .6 

13.8)', 

1 . 3 . 

2 

' 735 

S/C ,Hor , 

4 ’ 

•:'0.01 76 
0.015 

■. 0.4572, 

15.2 

3 

800 

S/G,Hor, 

4, 

0 .0204 

0 '^ ' 

18 ' 

15 

4 

1^00 ■ 

S/0,Hor , 

4 

0.023 

B=24r 

15 ■■ ■■ 

17 



6 

O.0I9 



5 

1150 

S/C.,Hor 

'8 

O.OI2 

0.4,u 

, 1,4. .5 or,' 

i 8 *5 or' 



- 

,J. 




23 .5 







-21 


6 

1150 

Delta 

8 

0 ,0205 

E=0'*'535 

■26y44 ' ' 

24 

7 

1200 

S/C ,Hor 

6 

0 .0232 ’ 

' V'- 




<> 


6 

8 

0 .0254 

0 ;0207 

■R=0 .6 

21 

18 




8 

0 .0232 

' 

- 


8 

1300 

S/C ,Hor 

4 

0.026 

B=24 .r 

17.3 

20.5 




6 

o;o22 



i ' J ‘ 


8 

O.OI9 

■ 





■'“111, DESIOU miTS AMD COMSTEAIMTS 

^ K i n 1. , Ti I* ■ ...i , 

The range of values of major’’ design limits and constraints 
^under wnich lines have to operate are given in this section follow 
lag typical practice t 
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2 

(i) Gurrent Density : 0*75 to 1 A/mm • 

(ii) Ioltage.iamiis : EG and ISI Standards. Uon-Standerd 

Nominal kV 545 400^ 500 735-765 1^00 ^~'”'n50 

Max lmum.„.M 362 420 525 765 1050 1200 

Suitable compensatins equipment must be proyided at both 

ends so that bus yoltages should not exceed the maximum sti— 
polated Talues • 

(■iii) G o^r on^Ec _e ption Gr ad lent : f'air weather, the margin between 

corona— incept ion gradient on the stranded -conduct or and the _ 
si^face voltage gradient at maximum operating voltage is kept 
between 10% and -30?^* Some-lines operate with 0% margin but 
take measures to counteract high level of radio interference 
by other means such as increasing the broadcast-' station signal 
strengths along the line route if these are fevir, or -increasing 
the width of line corridor* 

Sadio Noise ; The limits for RI are discussed by the author 
in Eefei-ence 1 • As of today, no RI limits exist in India* 
Ho?/ever, following practice used elsewhere,- a designer can 
limit -the noise to 40 above 1 pY/m at 1 lIBz in order to 

fix the width of line corridor. ■— — 

(v) Audible Noise : limits for AN are discussed in Reference 2* 
file mo-st widelyyused desigia criterion is due to Perry of the 
Bonneville Pov/er Administration in the '[J.S.A* No limits exist 
for India and a dpsigner ca3i use a line geometry based upon 

53 dB (A) in order to ,fix the width of right-of-way (R-0— W) 
for the line corridor, 

(vi) Electrostatic Rield ; At 50Hz, high electrostatic fields 
exist which will have adverse effects on human beings, vehicles, 
animals, plants and. food crops', fences and buried pipe lines, 
(Reference 2). Again, no limits exist in. India and a designer 
should aim at keeping the maximum value of-e*s. field in the 
line vicinity to I 5 kT/m, r*m.S“. . Phis is the limit for let-go 
currents in a normal human being* 
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<Tii> Corona Bosses ; these ar.p of importance in rain and i^^ quite 

7diffi7ult matter to 'specify at the design stages * Th^e 
are instances when power stations have been unable to handle 


full rated load because of very high corona losses . In fair 
weather, a maximum value of 5 •KT//lvm is aimea at* 

(viii) Iiine oompensation t the oompensating equipments available 

'to a designer arc (a) switched capacitors, (b) shunt reactors, 
(c) synchronous condensers, (d) series capacitors, and , 

(e) static YiS. systems i 


These \ 7 lH be described through line-'design oxamplos,*. Scries 

compensation 3aas not been used in India for” lines upto 400 Ifm- at 
400 kTi But this may be required for increasing the pov/er~ha3idling 

capacity when a line of 800 Km at 400 hV is considered as has been 
done in Sweden* . . .■■•■i'-'--’' 

l T 

> 1 ‘ ‘ 

• PBS lOK B A TA AKD EQUiTIOUS ‘ 

<5 ' ' ‘ ^ , 

(i) Beoision on Voltage' and Peliyered load per Circuit : 


The choice of suitable EHV level- for India has formed the' . 
subject matter of many conferences and symposia held..by tho C*B*I.P* 
(References. 3,4)* As a start, v/ith equal voltages dt.jjhe scnding-aiid 
receiving ends with 30^ phase difference, one circuit can, handle a 
power ofPc=0.5 Y /bx, where Ii=line length and 'x = positive -sequ- 
ence reactance per phase per unit length* The correspond ir:g percen- 
tage power .lees- in transmission is (neglecting coropa loss) % p ='. 

50 Jc/x, with r=Gonductor resistance per- unit length^ 

Tablell shows average values of r and x used,, the power per 
circuit in !,!w, and the % power loss in transmission at various levels 
from 400 M to 1200 kV* ■ • ' ' 

- < » * * 


J 
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Bablell : Power-Handling Ca pa city^ By and jo Power Loss»p 


■^y^em Ef” 

3? , ofitn/l&i 

X , ohm/Kra 

length, Kmi 


fPfo 

400 

0.031 

0.327 

400 

640 

5 .1 

"t&O 

0.0136 

0.272 

400 

-' ■2600 . 

2.7 . 

1000 

0.0036 

, 0.231 

400 

■ 5500 

0.85 

1200 , 

0 .0027 

0.231 

400 

8000 

0.64 


(*) Por other line lengths, L, the power-handlinil; capacity per 

circuit is inversely proportional to L* Multiply P by (400/I) • 

FflccsBi the above table it is evident froia the ls.st coluinn that 
2 

to keep the I r— heating loss to a minimum, higher voltages have to 
be preferred in order to conserve energy. Also, one 1200-lcV circuit 
can handle as much power aS 3-750 k¥ circuits and 12-400 hV circuits 
for the same distance of transmission. Phis will decrease the width 
of line corridor * 

(ii) Charge of Oonductors ; _ ■ 

Many e.h.v. phenomena depend on the 50Hz charge per unit length 
on the conductors. These are (a) ..the e .s . field, (b) HI and 
caused by corona which depend on the conductor surface voltage gra- 
dient, and (c) corona loss. The charge per unit length on_the 3 
phase-conductors is given by [_q,3i = ^iTe^ > where the isartata: 

=1.^3 > withf p 1= Maxwell’s, Potential Goeffr^ient Matrix. 

Its elements are P^^ = In^ (2Hi/Rgg^), i»3= 

1,2,3. Here, Hi = average height of conductor f = ^j^aai mum height 
+ sag/3, = aerial distance between conductors i and 3, = 

distance between conductor *i above ground and the image of conductor 
n below ground, and = R (H. r/R)^'^®^ = geometric mean radius ‘or' 

equivalent radius of the Hvconductor bundle with sub— conductor 
radius r distributed uniformly on a circle of radius R. 

The Inductance matrix is == > pH/m, arid the capa- 
citance is o3 = L^O 
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(iii)'* Electrostatic Bield' 



Ihe equations for the field at any point (:c,y)iti the vicinity 
of the line from an origin placed at any convenient location (usually 
at grouM level under the centre phase) are given as follows: 

Vertical' component : E^(i)=(q^/2''leQ)|^ 1 

Horizontal component ? ^ '^i^ J 


2 2 
where' ‘ = (x~x^) + 

and 

3 

gotal field : E^ ^ 


2-a • 

; jjsl ,2,3 

\ (x^=horizontal 
' ^ conductor 

^( 1 ) 1 " *r 2 -b 

^ i=1 


cooidinate. of 
i) • 



Phase- 


Each of these is a 50-Hz quantity so that addition of 3 phasors • 
and determining the resulting amplitude is a strafght-'fofward pro- 
cedure,, Re^e;rence 5.» Ihe charge is that of the 'entire' hun^le and 
is calculated 'from thst known transmission voltage matrix j = 

V|^in wt> sin (wt“l2dH (wt+120°)3 , and -the matrixtlMpf whicH 
depends only on the line d.imens ions* Ihe voltage to be used is .the 
r*m#s'* valtqe of the line-to-grcund' voltage in kV in which case the 
amplitudes of vertical, horizontal and total e *s * field will be in 
kY/m i r *m *S 'i • ' 

Conductor Surface Voltage Gradient ; 

(^.jar.bundle-conductor, the surface voltage gradient on the 
sub-conductors. will' vary 'along their periphery, Reference 7'. Ihe 
maximum value, is, very-'olossly' given by 

if- w 

= C9i/2Ve^).{1A):CVv).I.1+(H-1) r^l • 
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(v) Corona-^Inception Gradient 

In this paper, Peek"’:® formula is used* Por a stranded -conduc- 
tor of, radius r metre, the corona-inception gradient is 

= 2140 m t (1+0 »030^/\f‘T § ) , kY/m^ (r.m.S4) 

Here, m = a roughness factor = 0<8 te 0*7 in. fair weather 

_ = 0.65 to 0*55 in rain - ‘ 

S = air-density factor = (h/10l3)(273+tQ)/(273+t) 
b = barometric pressure in millibars^ 
and t = temperature °C • 

Is of the present time, Indian Standards specify t^ = 20^0 but 
will consider 27^0 as future standard. Ihe barometric pressure 
varies with elevation and temperature • (Hef erences 8,9) 

(vi) Radio Noise Level : 

Ihe C.I.GiR..E* Pormula is used in this paper for voltages upto 
750 kY which have 4 sub-conductors in the bucdle* Phe formula is 
(References 1o,12) • 

RI(k) = 0.035 + 1200 r - 33 I»og £ I)(k)/2o] t*30, dB. • 

Here, ^^(1^) = maximum surface voltage gradient on any conductor k,. 
(k = 1 , 2, 3) in kY/m,. 
r = sub-conductor radius in metre,', 

I)(k) = aerial distance from phase conductor k to the. pnlnt 
where the EH level is tb be evaluated , in metres . 

In order to add the El. cont.ribution due to all 5 phases, rules are- 
given in CISPR Publication.^ Ho*74,* References 12,1,3. Phe ■abO''.je 
formula applies in average -fair weather at 0*5 Mhz , while at 1 Wiz 
the RI level is 6 dB lower. If one of the ,3. calculated values of 
RI(k) is higher by at least 3 dB than the other two, this highest 
v^ue is taken to be the total RI^ level of the line. If one of'' the 
RI(k) is lower than the other two by 3 dB, then the total RI IsS^e.k 
of the line is RI = ^ (stjm cf the two highest. +' 3) dB* 'i \ 


EDB-8(D 


(■v±i) Audible Foise : 

In this paper, the formula developed by the B.P*A. is used. 
l'or']!T<3 the formula, is (Reference H.) 

AR(k) = 120 t 35 log' '(2 r) ^ 11.4 log^DCk)^- 245-4, dB(j 

Ror l/Si’3 in a zhundlb, add ^6*4 log.(R), - 13 . , dB (A) . 

to the above expression. Bor Rfe4, this, is -2 .894 dB(A) . The total 

Sound Pressure Ifevel due to all 3 phases is 

SPI = 1o. logio S. AR(k)^ dB(A) . 

k=1 

(viii) Corona Loss ; 

Of the many formulas available, the following is used which is 
due to Ryan and Heiiline, Reference 15»' ’ ■. r. ■- 

t^=4 f CV(7-Y^), Ife/Km, 3-phase^ 

where f = frequency in Hz> 0 = dspacitance of line to ground in 
R/Km, 7 = r.m.s. value of power frequency llne-to-line Sicoltage in k"9 
a^-id *8 • Yaiue of corona-inception voltage in k7* 


(±x) Yoltage control at Rower Rrequency : 

The equations relating .the sendingYend voltage and current witt 
these at the receiving end are 


s 


“s 


A , B 

.0 , D 


7 

I 

5- ^r 


with, Ad), AD-BC == 1 


The generalized constants AvB,C,]) have the following values , 

(with 2 = ,(r + 3 wl) 1 and Y = ' jwcti) ; 

gor .ohly the -line • Ad)=cosh pL, B=?Zri. sinh pi, G ^ (sinh pl)/2i 

p ^ 7i7; , yT/F,. ■ - 

r,i,c - distributed resistance, inductance, and capacitance of line 
per Em . 
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p. Zq = propagation constant and surge impedance of line 
and L = line length in km. 

The quantities A,B,G,D, p and are complex v/ith magnitude and .. 
angle*” 

(b) Shunt "-re act or compensation : 

When reactors of admittance (-pjQ) each are connected at the 
two ends of line, the total A,B,C,D constants are 


Afjj 1 B 

1 : 

r 

"a 

B " 

] 

-jBj^ 

B 

> 

0 ” 

f 

1 

: c 



2A~jBj^B 

f 

B 




- 




(o) Series Capacitor of Reac tance (— jX ) located at tiijfaQ . centre 


> B^ 


‘a , s'" 


Sinh pi, , 3Q(3+cosh p L) | 




:-3(V22o5 


Gy , 3 ) 5 , 

Km 

1 

0 , Lj j 

- B ! 

(cosh pL-1)/Z^, sinh pL ! 


line 


(d) Shunt reactors at line ends and series capacitor at middle 


^T ’ ^ 


'A,B‘ 

C,D 






B 


0 


2A-oBj_B , B 


* 


2, 


hi 


2Z 


SinhpL, 


Z^CI+cosh pL 


X^B-r 
c 1 


o GOShpl—1 „ . 1 

< ^ y SinhpL 

L 


0 


1+ cosh pL, 

^ s inhpL- j ( 1 +c oshpl ) , 1 +c pshpL 1 


Hote: All quantities except Bj^ and are phasors with a magnitude 
and angle' • ' ' 


I 
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Y. DESIGN BIAWHBS 

Tlie design procedures usirg the constraints and limits set 
forth in previous sections will he illustrated hy applying them to 
the following types of situations! 

1 a 400 lc¥, 400 4mj 1000 Mw with only* shunt reactor compensation^^ 

2. 400 KV, 800 Em, 1000 I.tv with shunt reactor and 50?° series capa- 
citor compensation* 

3*- 750 kV, 500 Em, 2000 It/ with shunt reactor compensation. 

It is believed that these will be in keeping with future e.h.v 
transmission that might be used in India* 

P ower-Handling Capacity and Number of Circuits 

2 

Using the equation P=0»5¥ /Izz aiid the values of x given in 
fable II, there results : 

1) ¥=400kY, 1=400 Em,, x ^0,321, P=d *5x400^(400x0 .32?) =640 Ivk/. 

fwo circuits will be generally necessary for transmitting lOOOlIw. 

2) T=400 kV , 1=800 Sa, -Ixcif 262 ohmS' Uith 50/^ series-capacitor 
compensation, the total series reactance drops to 1 3*1 ohms* 

Power handling capacity per circuit = 640 Hk'T and 2 circuits 
will be necessary. We assume that each.nircuit will handle 500 M 

3) ¥ = 750 k¥ , 1=500, x =■' 0*272 ohm/Em * P = 2080 Mw',i and one 

circuit will be sufficient* We have to remark that such a > 
scheme will not proviae xelrioility in case of line outage* 

I 

li ne cZ.earance and Phase Spacing 

As recommended by the National Electrical safety council, mini- 
mum clearances at midspan will be (a) 400 k¥ - 9 m (29 ft.)? (b) 

750 k¥ - 12 m. (39 ft.), 

Using fable I, the dimensions used in this paper will, be s 

(a) 400 k¥ : Min. Height = 9m, Sag = 12 m, Av. Height 9t^'l2=l3!m 

(b) 7i50 k¥ ! Min. Height = 12m, Sag = 18 m,, Av. Height = iSm 
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Phase spacing is based on ‘-recoinin ended clearances for switching 
surge* Por 400 kYy the phase spacing will be l2m.. At 750 U,, the 
phase^spacing is 15m*. 

Choice, of Conductor Size 

A 2— conductor bundle for 400 kV and a 4— conductor bundle for J- 
7,50. kV will be used with spacings of 45 cm between sub-conductors, 
fhe conductor sisses are r = 0.0159 for 400 kV and 0.015 to 0*0l75 
for 750 kV • .These sizes will be checked for (a) corona inception, 
gradient (b) margin between this gradient and maximum surface vol- • 
tage gradient at (sperating -voltage , (c) electrostatic field, (d) El, 
(e) AIT and (f) corona loss. 

(®) Oorona inception and Margins : With roughness factor m=0»7j ^ ='^ ? 

(i) = ‘2140 (1+0.0301/>/'0".0 iT9)x 0.7 = 1856 kV/m for 400 kY 

(ii) = 2140 (1+0,030l//o'roT5)x0.7 »/l86Sv Wm/, V' 

(iii) EQ^ = 2140 (1+0.030l/>/0.0l75)x0.7 = 1839 kV/m j ^ 

4.00 kY : Using U=2, r=Q,0l59j E=0#225, Ss:l2,, and H=13, the maximum 
surface voltage gradient on the centre phase conductor comes to 
16*82 kV/cm = 1682 kY/m at the maximum operating voktage of 420 kY, 
r,m*s» The margin is . x lOC^ = 9 *4^ * This may he consi- 

dered satisfactory* 

If 30fo margin has to be maintained, the centre-^jhase gradient 
has to be limited to 0*7x1856=1300 kY/m* This requires conductors of 
nearly 1 *5 inch diameter which is equivalent to at leash the Plover 
of North American manufacture.- (Reference 16,1?)* 

750 kY : With N=4 , r=0 .01 5 ,, .E=0 *3.1 82 ( = .45/ n/ 2 ) , S=1 5 , H=1 8 , the 
centre-rphase gradient is_t9*9 kY/cm = 1990 kY/m. .Therefore, with 
corona-inception gradient calculated as 1866 kY/m, corona 'has 
started * 

But with r = 0*0l75 j the maximum gradient is 1 7 ♦4k7'/oio-'=1 740kY/niy 
which is lov/er than the corona-inception gradient of 1839 kY/m. The 
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margin is x lOOfo = 5 In the case of the outer phases 

the margin comes out to he nearly 10^. Iheso Talues v/ill bo used 
further to check for Rl, AR, etc. further calculations will bo' 
based on r = O.Ol75ni. 

(b) Radio Roise 

400 kV t Hersy the maximum surface voltage gradients arc i centre 
Phase — 1682 kV/m; outer phases ■— 1600 kY/mJfrom the CIGHE formula y, 
at 15 m from the ’outer phases the RI levels due to the 3 phases come 
out to be Rl^-j ^ = 45 dB, ^1^2) = 4-2 dBy ^^(3) = 56 dB •. • • RI of 
line is i (45+42+3)=45 dB at 0*5 ilHz and 39 dB at. 1 Mz . At the edge 
of aright— of H/v ay j the level is to be limited to 40 dB at 1 IvIHz. 
Therefore, the width of R-O^W extends to 15 m from the outer phase. 

750 kV V = I 740 kV/m, = 1650 kV/m. At x = 15-' m from outer 

-T -r , -T- T--. 1 , J- --.ir - - jQy ^ 

phase, CIGEE formula gives RICI ) = 46*5 dB, RI(2)=43»9 dB, EI(3) = 

36 dB, RI. =; 46*7 dB at Q.5 Mz and 40.7 dB at 1 W.z* This is 
slightly above 40 dB. . At 16-,^' metres from outer phase, the- RI level 
works out to be 40 dB, This may be considered as the edge of the. 
R-0-¥ • While these values can be used for preliminary designs', it 
might be worth noting that the CIGRE formula has a dispersion of 
+ S.® at 0.5 lIHz. Therefore, it is fruitless to specify the edge 
of R-0-?? with any great degree of assurance at thib stage. Please 
see Reference 1. for all other considerations, especially, for 
Signal/Roise ratio basis for setting RI limits • 

(c) A.udible Boise 

4-00 kV ; A¥(1 )=41 .3 dB(A), AR(2)=42.4, AR(3)=37.7 at 15 metres from 
the outer phase * ^ - • 

SPI, = lo log T^io+r13+4^4+5.77l ^ . 

This is less than the limit of 53 ,©(A) . The width of E-o-W gover- 
ned by RI level is therefore used * 
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750 KV , 15 metres from the outer phase j 

A17(1) = 48, AU(2> = 49 ahdll|(3)= 44.5 03(1)'.. 

SPl = 52.3 0B(A) * Bhe_edge of E~^~W at 16*5 metres from, outer 
phase is O.K., from AT^I point of V-lew^ 

(d) Electrostatic Field . . 

4:00 kVi 



"5 .64 

.87 

. 39 ] 


.1728 

-.0256 

- .008 


.87 

5 .64 

,81 

glTingl'U] =L^1 = 

-.0256 . 

. 1 772 

-.0256 


. *39 

.87 - 

- 5 .64 ' 

' ' ' 1 

.008 

*0254 

f 

ro 

CO 


The maximum ground~level field at 420 Id/’ \ 70 rks out to be SkV/mj, 
r.m.s. This is. .lower than the limit of l5kV/m. Therefore, the line 
dimension's are satisfactory. (References 18, 19) * 

7/50kY : The maximum ground-level e .s . field works out to 6.7.kY/m* 

, ( > 

Brom the and £,MJmatr ices, the posit iveysequence inductance 

and capacitance are : ^ 

400 kY : ’ 1 = 0.985 mH/Sm, 0=1 0.82 nB/Km 

750 "kY ! L = 0.866 mH/Km, 0 = 13 nB/Em. 

(e) Corona Loss i 

Since the corona— inception gradient is higher than the surface 
voltage gradients, no corona— loss is anticipated in fair weather. 

750 kY : When using r = 0 .0l75 metre for the sub-conductors, no 

corona is present and loss is not of consequence in fair weather* 
Important Eote : It is emphasized that the design procedures laid 
doTrn here are not the only set. of steps. The method followed in 
the U.S^, -aonsists of fixing the conductor size based on current 

density point— of— view for the load carried and the voltage, and 
then selecting the spacing between the phases from considerations 
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of surface yoltage gr^ieiits# !Eh.is usually requires conductors 
larger than used elsewhere* In the II»S«A»j line designs for 750 kV 
and higher (11 50 kY) are ba^d on selecting tha line .clearance 
from the point of view of -keeping the electrostatic f^iqld to below 
9 kY/m, and then fixing other dimensions • 

(f) line Compensation 

TEhe line parameters calculated from final dimensions arc : 

* 1 ," mB/ir-m • C, hP/Km X, ohm/Kin Y, mhd/Rm r, ohm/Hi 

400 kY, 0*985 10.82 0*31 3 . 4 x 1 o”^ 0.023 

, • 0 - f 

750 kY- 0*866 13 0.272 4 . 082 x 1 o"*^ 0.0136 

i 

Example 1 s 400 kY, 400 Km, '500 tM/circuit 

^ = 9 . 2 + j 124 , ' Y= 3 1 . 36 s: 1 0 “^ , Hti = 302 * 5 - /- 2*1 

4m = pL = 0411 / 88 ° , cosh/zr = 0 , 9 l 7 /. 36 ° , sinh>/SY = . 4 / 88° .1 

Ear the line t A= 1 =. 0.917 / *- 36 ° ,. B= 120.77 / 86 ° , 0=1 .- 32 x 1 
' • Shunt reactors of 50 IIYAR at 400 kY may be used at each end 

with Bji = 0 * 3125 x 10 *^^ mho. 

» * ^ ' 3 ' ^ 0 ^ ^ 

‘ i/k— ■ <* 

Tfe select a sending-end voltage of 400 kY, giving a load-.end voltagi 



EDB-SJf 


of = ■^gA^ = 41 8 ^5 w which is 'belov\r the maximuio: allowable 
value of 420 KV. = 120-77 / 86° = B, 

0^ = G - B^ B - j 2 Bj^ A = 0 >63x10“"^ / 90° . 

$ compensation = (1 .32 -■.63) I 00 /I .32 = 52.3^. 

With = 4l8*85 hV and = 400 kY, the centre and radiiis of 
receiving end circle diagram arc as follows. 

Centre : x = ~j(Y£ Aj/B^j,)! cos - - 96 .8 l/IYAR, . 

y = - |(v| ^/Bj)j sin = - 1384 I-iYAR 

Radius : R =(v|' = 1387-3 MA 

Bor 500 IS?, required s?;itehed capacitois amount to *C^=132 WAR 
for unity power factor load. If load power factor is lagging, more' 
capacitive compensation across load will be required- Bor example, 
at 0*95 log, total WAR in capacitors is 287* 

Example 2 t 400 kV, 800 Rm, 500 ]i^S7/circuit , 50?^ series capacitor 
Gompenisation _ 

Z w l8.4+j24'8 = 248.6 /85°8 , 1 = 2. 72x1 o”^ /9g°, E^=502 .3 /-2°1 

pi = -/S = 0.822 ^88°, cosh pl'= 0 *681 7 / 1 °7-65 ,, sinh /5l = 0.735 /88° 5 

Bor the line : A = B = 0 .681 7 ^1 *765 ° , B = 221 .5 / 86 .37 , 0 = . . : ■ 

2.424x10^^/90^. Bor the series capacitor, = 124 ohms. 

Yolteges selected are Yj^ = 420 kY, Y^ = 400 kY, giving 

I =VA = 0 . 9524 . 

AQ,=A-oBj^B-j sinh 's/Jr - i B^^ (1 + cosh/S/ ^ 

= (0.83166 + 116.81 Bj) + j (0 .021 - 15 .53 B^-) 

Ihis gives Bj^ = 1 .0333 x lo"^ mho acd 165 MYAR at each end at 400 kY • 

= 0.9524 [ * 31 3 ° . 


Bj = B - 0 i X^ (1 + cosh/OT) = 117.8 / 82*l5 
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Cj =0 




X, 


- o2 Bj. A - j ^ ; 




. x^ -Bj 

— 2y^ s^JihslU 

0 o" 


+ 3 ^ (1+ cosli Jm) 


= 0*802 X 1o“^ / 89° 7. » 

Charging curi'ent = 0^ = .185A, IdYAE = 128* 

% compensaticii provided By shunt reactors = 679^* 


Centre of receiving end circle t -193 *5 I® > - 14'5 3 KiAi\’ 

Radius E = 1426" Mi. 

Req,uir’ed switched .capacitors at load end for 500 at unity pov/cr 
factor = 167 MYiE. 

Example 3 t > 750 -EY. 500 Xm, 2000 W . 

A=a)=cosh pL = 0.866, B=129.2 /90° , C=1 .945x1 O**^ / 90^ . . . 

Try Yj^ = Vg = 750 kY. >.1^, = 1 B giving B^ = 1 .037x1 o“^ mho. 

At '750 kY, MYAS = 585 at each end , ■•'--c* 

Oj ='C - j2A Bj^ - B^. B= 9x1 0*^ /9^ ' • . 

5^ compensation = 95%f This-inay be too much .Por , 505^, compensation, 
or 300 MAR' at each end, for Y = 750 kY, Y comes to 700 kY . 

Por 400 MAR compensation in shunt reactor at each end.j '^ 3=720 kY 
for Yj^ = 750 kY • This will be selected'. Prom circle diagram, for 
2000 M load at 1 .0 p.f., switched capacitors for 500 MAR are " ■ 
required . ' ■ • - 
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PR0CEDI3BES FOR B >H .V . IBIE INSULATION DESIGNS 
PARP '*11 ; BASED HEOE PRABSIEM? OYSR?OI2PifiBS 
I„ IBPRQDUOPIOIT 

Selection of ''oonductor sizej bundling, andtothergeometrical 
details of an e*h*.v« line was the subject of discussion of Part I 
of this work,. Reference I*. Phe present chapter j discusses .ins ulnt ion 
requirements based upon overvoltages caused by (a) povyer frequency, 
(b) lightning, and mainly (c) switching. Phese govern (i) insula- 
tion clearances, (ii) insulators and air-gap clearances required 
at towers, and (iii) insulation clearance between phase conductors 
in the span between towers* 

Pield studiseconducted on an existing system, yrhose design 
has already been finalized and put into operation, are only 
helpful in checking the design adequacy of that pnarticular system',' 

.and in addition provide a lot of data for a similar system in future. 
Phese field studies can also offer the basis for checking calcu- 
lated values of overvoltages from model studies, which can take 
the form of physical models on a Pransient letwork Analyzer (PHA 
or AHAOOM) , and mathematical modeSiS using the Digital Computer* 

As such, all these studies are complimentary to each- other. Phe 
results of field tests conducted on one system (or PBA and Digi- 
tal computer study) should be used for designing a future system 
elsewhere, as has been proved to be the case in most system desi- 
gns carried out in Horth America, v/here field testing is being 
continuously undertaken by utilities at great expense • if 'such 
were not the case, then only one field test on any one system ’ 
would' have b ceil ‘ ad e quat e * 

■ • ■ Phe principles upon which insulation levels are selected, 
ar'c'only two? .(1) A knowledge of all relevant properties of 
overvoltages which a . system 'might' experience}, and (2) a knowledge 
of insulation characteristics for all .types.# f voltages to y/hich 
it will bo subjected. Both of these factors have been the sub— 


EDB-^ 


ject letter of very extensive j exhaustive, expensive, and enlightene 
studies all -ovar- the world where' e .h.v.' labor^torioSThatabcen . 
very active in this field of research and development* As such, 
only the broad principles will be discussed here to synthesize the 
present:’ state of "the art and provide now formulas tfco apply to the 
design of line -ins ul at ice. • Specific cases of a 400“kV lino and 
a 75 o*: 4£7 line will -be presented in ordeb? to realize the design 
procedure and to check its adequacy* 

¥o design procedure can be considered as yielding the final 
result, because all such studies lead to the main objective of 
evolving a preliminary design for the tower structure details and 
clearances, which will then make it easy during mock-up studies to 
verify and finalize the design. EH7 line clearances have now 
become so large that they have reached the saturation region in 
the gaplength ~ breakdovm or withstand voltage relation so that 
. even a slight reduction in the switching overvoltage magnitude 
brings about a considerable decrease in air-gap clearance required',' 
resulting in economy^ 

II. IISGUSSIOh OE ECOD-mi^E GAP PBSICT 

The'basis for selection of air-gap clcarnncos bctwccnlony* 
given type.r-of electrode geometry can be related to the rod-plane 
gap propetties. As a preliminary cxaml)le to illustrate the proc- 
edxn:*e,af selection^ of insulation clearance and the effect on non- 
linearity in the Tf-p^-d relation, where 7^. = critical flashovcr 

f M \ i ; j ; 

C50% probability) voltage in k7 and d = gap distance in' metres, we 

assume the positive switching-surge formula of Iio'r'oy and Gallet of 
E^e F* which is 7^ = 3400/(1+8/d) , Eeference 2* We now apply 

this formula for a 400-k7 lane and a 750-k7 linG*.,(^,ho 1 p.u. 
line— to« 7 ground crest value is 420 v/2/3 = 343 k7 at t|ic. .maximium . 
operating voltage of 420 k7, r.m.SL., for the 400*7^?, ,md , , 

75''b'C27^5 = 6*5 2^"' k7 crest for the 750vk7 lino.. For sv/itching surge 
levels of pj*u*" to ^ p*u«, the required airTgapj Ipngths arc 
Calculated and as a' comparison calculations arc also made accorv 
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ding to formuLa, Rofcrcncc 3 j ~ 500 The Yfith- 

staiid Yol-teigS for all gap, lengths is assumed to be V^q/1»15* 

Table I : Eod-P*lanc Gap clearance for 4QP*-k7 and 750~kT Idncs 

Based upon Positive Switching Surges (voltages in kV,' 
gap length in metres) • 




400-kV 

line 


750- 

-kV line 


P.U. 

value 

With- 

stand 

Ks 

010 “ 
V=1 *1 5 

8/(%02 . 1 ) 

do- 

(— )1 .66] 
500 

V™.= - 
^ 6l2.4Kg 

oio'^'d. 

¥= 

1 .15 

V™- 

w 

*^2 

1 .8 

617*4 

71 0 

2*1 

1 .8 ^ 

1102 

1267 4.753 

4.712. 

2.0 

686 

789 

24ife 

2.14. i 

1225 

1408 5*66 

5.62 

2.2 

754 .6 

867.8 

2*74 

2.51 : 

: 1347 

1549 7 ■ 

6*59 

2^, 

823 *2 

946*7 

3.09 

2.9 i 

1470 

1690 7 . 9 I 

7.6I 

2*6 

892 

1 025 .6 

3.455 

3.31 

I592 . 

1831 9.34 ' 

8.7 

2 .8 

960.4 

1 1 04 *5 

3.85 

3.75 ^ 

. I7I5 

li .72 11 .05 

9.85 

3f0 

1 029 ■ 

1183.4 

4.27 

4 #2 

1837 

2113 13*13 

11 f 04 i 


The above figures reveal the followir® properties! 

1) lor the 400— kV line, an increase in switching-surge m^nitude 

from' 1 *8 to 3*0 p*u* (an increase of 66 ‘»7^ over 1.8 p*u*) requires 
an increase of 1o3*3% (2 *17 over 2*1 m) in air-gap .when using the 
leroy and Gallet formula* Paris's formula gives a 2 •4m increase 
over 1 *8 m or 133 •3^ for the same .range of SY^itching— surge magni- 
tude change of 66 * 7 % over 1 .8 p*u* _ 

2) lor the. 750-kV line, the non-linear effect' more' pronounced'* 

* 

The gap length has increased from 4#753 m to I3*l3‘m', an increase of 

• i-' 

1765^'^ for 66 ? increase in voltage* 

'The Calculations given above arc based on ©ertain important 
assumptions which havo experimental basis, but have serious limi- 
tation if applied universally* Therefore, in the opinion of tho 
author, each case must bo chocked for adequacy on a mock-up. in an 
e,h*v* laboratory?* These limitations will be detailed in later 
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se.cbions • The assumptions made for tlicse calculations arc as, 
follows n , ; . 

a) Tiie withstand voltage is 1 5^- lower than to 50?° flasiiovcr 
Yoltage • 

h-) This is hased on the v/ellYhnown ai^ nearly universally“- adopt cd 
rule that the withstand voltage is 3 standard deviations holow 

the 010 , 
q) The standard deviation is <5^ =5^ of Those are average 

values aaitshow wide variations in practice which depend on 
several -important factors such as . ,, 

i) tho choice of waveshape of switching.. surge; 

ii) the variation oferv/ith the T/avefront time of surge as 

7/611 as the gap length; 

iii) atmospheric conditions; and 

iv) that the flashovcr probability follo7/s a Gaussian 
distribution with a known median value and standard 

k 

deviation* 

In Edition to the above tr/o foimulaS, ~ 3400/(1 +6/d) and 

500^^*^, which have been used before, there are several other 
formulas 

empirical available in the extensive technic'a.1 literature 

on the subject of flashover of long gaps, (Reference 4 and bibl^ 
iography given in Section- X.)» Some of these are quoted bolo?/ for, 
the GIO or 30fo flashovcr voltage. Tho values are crest voltages. 

and for positive polarity (except for a*c.) and in kY y/hon the 
gap length d is in metres* 

Gap Geometry lightning I .a. Power Iroquoncy 

1) Rod-Plane 1 .25/5Cfis; 500d 652d°*’^'^^ 

500d 

V50:667d SOOd+ljl 455d+25 
1.2/50;540d 

2) Rod-Rod 1.2/50fis: 555d 500d 

580d 


Switcihing 

Surges 


535 *5d 

500d°*^ 
3400 (i± 


552 



100( 

120/4O0uS 

687 .d(^' 
350/23ao^ 
0.42^ 


872 .a 
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III* OOI'IDnGIOR>-0>O-TO7/EE A M) COHDUOTOR ^ TO-GROMD OIEARAITOB 

The ro d-plano gap length requix-c-d -for posit ivo~polarity. 
switching surges ranging from 1 t8.p«u« to 3*0 p*u* on a 400-^ . 
line and a 750— k'V lino hayc boon given in the previous section* 
The conductor— tb—tovYer clearancG is determined through a ^gap. 
factor' -'K=1 *3 when the tovYcr structure is above and lateral from 

the conductor. This means that the ORO for this electrode confi- 
guration or geometry is 1 .32;thc CIO of a rod -plane gap of the 

same length* This, is based on the work of Paris* 

Having calculated the co..xductor-to-to\7er cloarence-'d, t-ho 
minimum conducor-to-ground plane clearance will be taken to be 
h=4.3+’t'*4d metres, Reference. 5* 

Accordingly, the following v»tilu's for conductor— tov/cr and 

conductor*;^round clearainccs will bo tyoical for the 400kV lino' 
and 750-kV line* • _ ■ . 

Table II* Gonductor-TovYcr and Gonductor-G-round Gaps for 400-kY 
and 750-kV lines 


P*U,S.S, 

1 .8 

2*0 

2,2 

2.4 

2.6 

2 *8 

3 

.0 

Conductor— 
Tower Gap 

d = (Y 

5o/‘550) 

1 '^67 ’ 

} 

metres 





400 kV 

1 .16 

1 .38 

1 '.62 

1 .87 

2. .14 

2 ,42 

2 

.715 

750 k7 

3 .04 

3*63 

4.25 

4.92 

5.62 

6.36 

7 

.133 

Conductor- 
Ground Gap 

« 1 

■=1-1 

il 

.3 + 1 4d 

t 





400 k7 

5.924 

6.232 

6.57 

6.92 

7.3 

7.69 

8 

.1 

750 kV 

8.56 

9.38 

I 0.25 

11 .2 

12 . 1 7 

13.2 

14 

.29 


17- PHASE>-1? 0-PHASE GIDARAHGE 

Tho: phasc-to-phaso clearance required from s^Yitching-surge 
considcrntieiis are alsp designed on the same principles • An 
average 'gap factor' for conductor-conductor GEO _ 9 ycr a ground 
piano Can be assumed to be 1 .8 (Reference 5) which allows 'rod— 
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piane gap. CPO -values- to be translated to -apply to the conductor- 
conductor gap which wlU. be r^(fS00 d®*®. Ih'-this enso, wo ha™ .. 
to- design the required gap on the. basis of cxpscocd maxiinuni phase— 
to-phas-e switching-surge magnitude. This v/ill be taken to range 
from 2*5 to 3 *5 p.u*-with 1 p.u* = 343 for the 400— kV line and 
61 2 "*4 k¥ for the 750-kV lino. .Then, the fcllowing clearances 
bet?/ccn phases far from the tower .will- be typical. 


fable III : Phase- 

-to -phase 

Clearance for 400— kV 

and 750-kV 

lines 

(voltages in kV crest, 

d in metres) 


2*7 

2.9 

3.1 

3.3 

3. .5-; ‘ 

4.00— kV Lino 






W crest 

926 

995 

1063 

1132 

1200 


l065 

1144, 

1223 

1’302 

1.381 

d,rod-pl^e 






f^^.o •067. ^ 1 

3.5 

5f97 

4.44 

4.93 

5.43 

d, cond.-cond* 






U164 

1 .324 

1 .492 

1 .67 

1 -.85 

2 .04 

750~kY line 






1531 

1653*5 

1T76 

1898 

2021 

■ 214.3 

So 

I902 

2042 

2183 

2324 

2465 

d„ „ . 8.I5- 

r— p 

9.27 

I0.44 

1 1. .66 

12.95- 14.28 

flo-o 5-06 

3.48 

5.92 

4.38 

4.. 86 

5.36' 

On®e again, these are 

based on 

the ai 

ssumptiens that (a) the 

withstand voltage : 

is 3cr lower than 

the Gl’d*, and. 

_(b) the standard 

deviationtf*^ =5^ of 

OBO. Hiis has serious 

limitations » 


From these discussions, it should b© evident that design of 
insulation clearances is based on an immense amount of experiment- 
al investigations. The sections to follow ^iXl discuss the need 
for oorrcction factors to be applied to the previous -type of cal*7 
culations before the final choice of insulation clearances is made* 

Before this is carried out, we 'must check whether the pre- 
vious air-gap clearances from eonductor-to-tower arc cadequatc for 
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powcr-f rc quency and lightning voltagoa. 

y;, QiaARAHCES BOB PO?/BR BHBQUBI-TOY AND IiIGIIlimTS 

In carrying out the chock for the adequacy of the rhOTO-cal— 
Gulatod clearances based an positive s\7itohi:ig-surgc considera- 
tions, several governing criteria arc postulated below; 

1) Extreme angle of swing of insul'^tors from vertical ?/ilItI be 

a) ior Po’vcr Ercquoncy ; 60° 

b) for Lightning Impulse !30° 

c) for Switching Surge ; 15 

They arc based on the assiimiftion thf.t power -frequency exci- 
tation is continuous and maximum swing under a severe , storm is 
60° * Lightning strokes and insulator swing arc based on observed 
probability of simultaneous occ'uronco, as also for switching ope- 
rations. During thunderstorm activity, v/ind gusts are less severe 
than in stormS' and the maximum angle of svmig is assumed to bo 
30°. Switching surge flashovcr, which is asoumed to occur once in 
500 operations at the 3<y' ylcvel postuLatod earlier, is taken to 
occur when the maximum swing of insulator is Those arc pro- 

bability events and must bo ascertained on a case-by-case §tudy. 
Projects especially devoted to such study arc therefore of the 
utmost importance, Eefercnce 6 

The .praciicc in the: USSR is not to allow any swing when 
cons id or the clearance required for switching surges. This is 
based ,on the assumption that the probability of swing occuring 
simultaneously v;ith maximum possible switching surge .is nil, 
(Reference “T) • 

2) The ratio of minimum air-gap length inside the tov/cr v/ind ow to 
the length of -insulator string is usually 1 from switching-surge 
0 onsid cr-'^t ion » 

These will form tho bases for chocking design adequacy for 
powcr-froqucncy and lightning voi«GagoS':*r . 


i 
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sur^c - Oil -tiiG ' 750-kV liiic 


An example of a 2 p.u* swixcning ^ 
y;ill be discussed* With surge-suppression resistors, in breakers, 
this is a valid value* fho procedure for other p*u* values and 
other voltages arc similar* Brom previous calculati^.as it has 
been observed (see fable II) that the requiree aV'.^rcgc clearpnce, 
to toY/cr is 3*63 metres. With an insulator length I and I 5 svYiiig,, 
the YYidth of toY/cr window is 2(3 *63+1 siu l5-0) v/hilc the depth is 
(1+3 .63). Dr.awing a circle for the wiJidcw, there results 2 (3.63 + 
Lsin 15.°> = 1+3.63 giving 1=7*325 m'(24.7 ft), fhc size of Y;indow is 
7 . 525 + 3 . 63 = 11.155 m (56.6 ft)* fhc actual tower Y/i]idov/ ceild be 
of aij?' shape provided 'it accommodates these clcf'.raiicos . A Ic'gth 
of 7 ••525m for the insulator will accomraodate about 45 discs and 


hardware * , , 

Brom data available of insulator flashovor .tests , for 2 p.u. 
SY/itching surge of 1224 kV on the 750—kV .line, the required insu- 
la.tor .length based on dry flashover is 4.3m (14 ft) with 26 
discs. llloYTing AOf° more for wet flashover’, the' insulator length 
can be increased to 6 metres and 36 discs. Under dry coaditiors 
the ratio of insulator lehgth to the minimum stx’ike distance is 
4 * 3/3 *63 = 1 .185 Y/hile the final value is 6/3*63 = 1 .65 * This gives 
the distance from the bottom of the top cros.s— arm to the lov/er 


brace of the tov/cr Y/indow to be 9*63 m, while the strike distance 
to the side is still kept at 3*63 m at maximum swing of 15^. With 
6rm length for insulator and 15^ SYmig allo'./ed, the clearance from 
the rest position of insulator to the side is 3.63+6 sin 1 5^=5 •2m 

and the tower width will be a minimum of 10w}-m. Thus, the horizo- 
ntal and vertical distances of the toY/er window are ne^arly equal 
(10.4m5 9 •63m) • Conditions will be different if. a double 9o'^—7 
string is employed for the centre phase in the windOYY* 

In practice, .a leakage distance of 2.25 to 2.54 om/kY (0*9-. 
1*0 in/kV), r.m.s. line— to— ground voltage, is used for power fre- 
quency, Eeference 8* 'An average 5-3/4^xld*^disc gives a leakage’ 
distance of 3I .8 om (12*5 in) so that the 36— disc string has a 
leakage .distance of 1.1 45nr (37.5 ft) giving 2.44 cm/kY. (75o/ ^3 x 
450 = 0.96 in/kY = 2,44 cm/kY) 
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Wow, consider a swing of 60° * The GBO voltage for a rod~plane 
gap 50 Ez is taken to be 652 crest, which gives a Yvith- 

stand voltage for the conductor~tov7er gap (?/ithar=5%, K=1 *5, and 
~ ^ ~ *3x652/1 .I 5 ) d^* * The required gap for a 

voltage of 612«4- kY crest at SOHz will then be given as, 
d = (612 4-xl .1 5/1 *3x652)'^'^*'^'^^ = 0»83lni. Ho'wever, at 60° swing 
p , nd 61 EL leiTgth of insulator in a 5 •2i3i half-v/indow, the clearance 
i^ aero since 6 sin 60°=5*2« Therefore, under the assumptions 
postulated, the tower windov/ has to be v/idened to a minimum of 
5 . 2 + 0 •831 = 6 '*031 metres from the rest position of insulator to the 
sides giving a horizontal width of 12 . 1 m ( 39*7 ft) while retaining 
a depth of 9 •63m (31 *6 ft). This permits a maximum swing of 23*6° 
of the 6 -m insulator string while still retaining 3 • 6 ' 3 m clearance 
required for switching surge condition* 

Bor lightning, allov/ing a .swing pf 30°, the resulting strike 
distance is 6 *03-6 sin 50° = 3 •03m (I 0 ft).- The QBO under lightning 
for a rod-plane gap is taken to be Y^Q=500d.. CorrcspoiidiiTg withstand 
voltage, with ^pp factor of 1 .3 and Y.g=V^Q/1 *15', for the 3 .03Hm gap. 
is Y^ ='(650x3 *03/1 . 15 ) = 1713 kY. This is 2 .£ p.u. which is consi- 
dered as adequate. Dillard and Hileman, Reference 9, find a CBO 
voltage of about 1750 kY 02 ?est for a 1 0-foot strike distance inside 
the tower window which gives a withstand voltage of 2 *5 p«u*' based 
on 3<r-doTOi,C' =5?? of CBO and/ p.u. = -612.4 kY, crest. Their obser- 
vations for a IIOO-kY tower yield (T' =1?^ for dry flashover and 
Y^q = 574d,.kY. 

iaiowing 30° swing of the 6 -foot insulator for switching- 
surge condition and increasiiig the tower v/idth will make the 
design still safer for lightning. With^ = 1 ^, the withstand vol- 
tage is also higher for the same gap length. Their p.u. light- 
ning surge allowed is 1 *96 p^f-" ' , 

The above discussions raise many -questions for v/hich satisfa- 
ctory answers, must be provided by e.h.v. laboratories and Investi- 
gators 'under Indian conditions', since the extremely ISPgp- number 
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of variables tavolved are Iccal to the line environment. This . 
-strengthens the nec-d to treat -eaeh line design on its own merits. 

Vr. ' VARIATION OR ORITIOAIi PHOIJT TIME, 'CEO AND OSADIBNT WITH 

GAP IiSIGTH POH EOD-PIAI® GAP 

11; iias been menijioiicjd in the introduction that the ■v/avefront 
time at which the minimuin OPO under positive switci'iing~surge occurs 
wili‘ vary with the gap length for all electrode geometries* Por 
rod-d^lane gaps, from best available data from all ovt^r the world 
upto25 m gaps, Eeference 10, this author has formulated the follow- 
wing relations for the salient properties of OPO; 

'S) Pimie-tOMcrest at Minimum OPO? 

ti = 43 *65 us (with d in metres). It applies for . 

gaps from 3 to 15 metres, the best fit occuring between 4 and 13 m* 
Phis range ‘in gap lergth covers the requirements for sv/itching 
surge ma^aatiAdes considered in Section II for a 400 .kV line between 
2*4 to 3 -P*u.y and for 750 k? line betv7cen 1 .8 to 5 *0 p.u* over- 
voltages . ' ' ' ’ • 

b) Minimum OPO; '' 

V^Om = C555~l5d)d, kV crest. 

c) Average Gradient at Minimum OPO ; 

%dm~^50ir/^ “ 355-1 5 d, kV/m, crest# It might be of some 

interest to compare these values with Paris’s formula t ¥r:_=500d®*^ 

50 

m 4 6 8 10 12. 

1355-1 5d)d ,kY 1180 ..1590 1880 2050 2100 

500d^ ^ ^ ^ -{4^5 1^41 2221 

She diecrepenoy is belisrrtd to be„duc to the fact that Paris 
used the same wave— fron time for the positive switching surge for 

^1 gap lengths upto 8m which had the timings 120/4000 )is. When 
conducting such tests it is evident that a switching surge genera- 
tor capable ot,_ delivorijig a variable waveshape must be available 
in ah e.h^v.. laboratory. The gap length determined on the basis 
1^50 “ 500 d^*^ will be slightly longer".. 
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' ?II VARlAglOIT OB STAIOABD DEV lATI OF AI3) WITHSTAND YOl^TAQr^ 

In .previous sectioiis, the :: t and .deviation in flashover 

fc 

voltage was uniformly assumed to bo 0^55^ of CFO for all gap lengths, 

voltage waveshapes (power frequency, !}j.ghtning, and positive swit- 
ching surge), and all gap geometrios (rod-piano, conductor-to-tower, 
and ccjiductor— ccnductor) . Experrments performed all over the world 
show this to be not the case . Ihe results are so erratic about this 
quantity that is is irapossible to take a single value forCT , as 
concluded by Watanabc, Reference 11 • The proposed Swedish 800 hV 
system v/as designed on the basis of<r =sfo and using Paris’s formulas, 
Reference 5* In view of lack of agreement on this topic, ''the lEEB 
has recommended a value of<r'=55^, Reference 10« Ihe British 
Golumbia Power Authority in Cananda has tested 500— kV tower insu- 
lation find founder =6 to 8*65^ of GPO in wet tests pnd 5f° 'under dry 
tests for the tov/cr-windov/ gap, Reference 8* Recent tests condu- 
cted on 1200— kV tov7or insulation by Join US-USSR efforts have 
yielded 'values between 3*5?^ and:? •5% of GEO, Reference 12* 

The second assumption made earlier was that the v/ithstand voltage 

is 3i3r lower than the critical or 505^ probability of flashover 

50 

voltage. This figure has been accepted nearly all over the world, 
with some exceptions who prcfcr.2<3' lower than giving a larger 

probability -Of flashover since the gap length based on (V^^— 2fl'" ) is 
now smaller • 

YIII., HETWOMC TRARSIBRT STUDIES 

The second item to be ascertained v/ith confifiiencs is ^ the 
expected maxiimum switching— surge magnitude for a given system on a 
probability basis* So much has been done on this topic and is ^ . 
still being carried out that it is impossible to give the expected 
values for phase-to-neutral and phase-to-phase switching surges- on 
a universal basis. This is a oasc-by-case study. ■ , 

AppCiUdix 1 gives a summary ef a typical TNA study carried out 
on a 500 kV/230 kV system as reported in Reference 13. This indi- 
cates exhp.,ij.c!-i:-i-tros!-hiir?'io<=i ns t.'hP- np.p.d for desien. Acneiidix I docs 
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noi: give the .exp set ed phase-to-phase voltages. This may reach a . 
maximum of 3*34 p*u. ia studies reported hy Wilson in Reference I4. 
Several studies conducted under the author’s guidance on TRA’s have 
been reported to the and elsewhere, References 15 - 17 . 

Evaluation of phase— to— phase switching-surge magnitudes is. 
gaining increasing importance in view of the fact that for volt- 
ages of 500 kV and higher, the rope and chainette concepts in line 
construction are being considered where phase conductors are supp- 
orted by insulator strings from each other while the tower struct- 
ures are removed to the sides, References 18 , 1 9 * 

IX . COICLUSIONS 


1 . A. sgateitatic method for synthesizing all available formulas for 
estimating air-gap clearances of e.h.v, lines is presented, and 
their limitations discussed* 

2 , Conductor— to— toT/er, conductor— to -ground, and conductor— to— con- 
ductor clearance for a 400-kV ^jO-kf-line are worked out 

according to Raris’s formulas and compared with others where 
necessary* 

3* Equations .derived -by the author for (a) variation of critical . 
wave-front time at minimum 50 % flashover voltage, (b) the mini- 
mum value of 50 % or critical -flashover voltage, and (c) the 
average voltage gradient at the .minimum CEO with gap length for 
a rod -plane gap are given, and they are compared v/ith the v/ork 
of others for CEO using constant wave-front time for all gap 
lengths » 

4 :* The paper discusses the need for carrying out insulation tests 
on towers on a case— by-case basis in order to determine the 
values of all controlling parameters required to determine even 
a preliminary design which can be tested in an e.hwv* labora- 
tory for design adequacy and for evolving the final design. 
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5* Clearances designed on the basis of switching— surge requirements 
are checked for adequacy under power— frequency and lightning, 
ToltageSj and in one example of a 750-kY line it is shown that 
insulatiou clearance at toT/er designed entirely for switching 
surge may not be adequate for other typos of voltages* J 

6* Atmospheric correction factors are not dealt’ with in the paper* 
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r J' .. 

g¥ITOHING SUR&E qALCaLATIOU QH LINES 

Insulation design of ■ ©...R.'y. lines' is based primarily on 
clearances required to withstaud switching -surge overvoltages 
caused when a sinusoidal source with practically infinite short- . 

i r f 1 ' 

circuit capability is switched to energize a line. Conditions 

' i (y ' ‘ 

are very severe during re-energization when trapped charge from 
a previous de-energization operation is held by the line capaci- 
tance. 

Before analyzing the transmission network by mathematical 

^ -j 

modeli^ (usually using the digital computer) it may bo informative 
to engineers to provide oxn idea of the per unit values of over- 
voltages caused by switching operations. The most severe over- 
voltage- conditions occur when re-energizihg open-ended transm-i- 
ssion lines, but an analysis of most types of terminal conditions 
of a system must be carried out for possible resonance conditions. 
Table I is a summary of Switching-surge .voltages reported on a 500 
kY/250kV system with an autotransformer, with or without tertiary 
windings. fThese values were obtained by the authors of that paper 
on one particular system and do not apply universally. Bach 
system must )dg studied on a caso-by-case bas-is. 

The analysis in this chapter begins with single-phase circ- 
uits and then will indicate tbc- procedure for extending to 3-phasQ 
circuits* Even for l-phaae analysis, it is simplest to commence 
with' a lumped-parametc-r circuit and then- observe the changes nooe- 
ss.ary to' deal with a distributed-parameter tr,ansmis3 ion line. An 
actual system will consist of combinat ion^‘ of lumped parameters 
(such as-generator series^* ihductance, transformer leakage induc- 
tance, shunt reactors, etc) and distributed-parameter lines. This 
is the- chief difficulty in analyzing switching surge problem.s. 

At the outset it is made •clear that there exist a very large 

number of methods for analysis. • The more impoffant ones are given 

, * > 

here which are (a) the method of laplace Transfomsj (b) the me- 
thod of Poarier Transforms. The former -leads to ( i) travelling-wave 
method, and ( ii) st anding-wavo method. 
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It is emphasized at the ouitset that the iaterested reader 
should derive all ec[uations on his/her own* 


3 ING-LE-PHASB C IRO'J US MS i iMM 

I • 3 Ti'^p^le— Frequency luciped— Parametc-r Circuit 

Ideas involved in ■ analyzing and; understanding the hehaviour 
of voltage at the open end of a long lijac with distributed para- 
meters when switched by a step or sinusoidal volt^e input can 


be very easily illustrated by considering a series R-L-C circuit 
with lumped parameters. The circuit is shown in Figure 1-- 

We assume that the capacitor 
is initially charged to a voltage 


Y' and no current exists in the 
o 


circuit prior to closing the switch 
3. The problem is to determine the 



•^*-0 ^ »/ 


e(-t) 


Vo 

cl" 


Vc 

Lt' " 


current and the voltage V ' across tho capacitor as functions of 

, V 


t-'ime --t • 


The Laplace Transforms of the quantities are ; 

' ' ' ® , 

Sourco voltage ; B(S) = B/S for step,- ^- - ^~ (3 cos (jS - w ain 
;epr an input of e(t)=3jj^^ cos (wt + ^f) . ^ 


^ ' The angle gf denotes “the .point on the wave at tho instant of 
switching from the peak value of the sinusoidal wave of froqu^nc, 
f = w/2tc. 


Resistance voltage 
Inductance voltage 


R 1(e), I(s) 

Ot 


Oapacitor voltage 


Laplace Transform of' curren 

^L ~ ^ ^ ~ ^(®)» with^no initi 

.current. +. ^ 


®c' 


.'-if 

5 n i 


i dt + 7^. B^(S). 


cs 


I(s) + 


s 


The general equa^tion for the current and .voltage Y will be 
with a = R/2L and w^ = l/LQ~a^ or + w^ = 1/lC, 


sE(s)-Y^ 
I(s) = 2. 


-L 


sB(s)-V, 
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aad s) 


'J""" l(s) 

CS S 


■^o s ECs-W 


10 s[s+a^)+w^3 


(a) Stop Rosponse j The inverse transform with B(s)=B/S gives 

— /~2 T 

Ja +w. 

tt f 4. \ ' / TTi . TT \ r ^ f ^ j. \ -n . XX 


V^(t) =(B--V^) [l+e‘ 


sin (w t - 9 )] + V 


where tan 9^ = w^/a. “ , ■ j 

This expression applies when R < 2/1/0, giving an' oscillatoiy 
condition. As a check we observe that at t =0, the expre,ssion 
reduces to and at t = co , it is B, the, step input. 

Por the very important and worst case, when 7 = ~E, 

"w Y ^ ' * O 


Y^(t) 


WqV'I'C 


sin (w t - 9 ) + B^ 


For YGry .^igbtly damped oircait , a << and cp^ci 90^ 

Yj,(t) = B [1 - 2 cos w^ t]^. 

This reaches a maximum of nearly 3B when w^t =’T80®', i.e. 
ono half -cycle later based on the natural frequency f^ = Wq/2tc.- 
¥hea the trapped charge is zero, i.e. 7^=0, the. maximum is 2B. 

Therefore it should be evident that the capacitor mus.t be 
dosignod with an insulation level of 3 p»n. in opdor. to 'fake care 
of its initial voltage- being equal and opposite to the input step. 
This is a case which p.ar.illela' the voltage at the open end of ^ 
a lino when switched by a sinusoidal source at its peak valnr©-" , 
while tho line holds a trapped voltage® 

In switching transmission lines, tho voltage is high whoa 
series resistance- ^is apt, used in the circuit beaker. A rosistanec- 
switching scheme brings tho voltege to not mo r^ than 2 p.u. Thus, 
it is important to note the effect of varying R on fho capacitor 
voltege in this s impl,<S- p'dreuif also. Bormall-y, in tr^Jismiss ion 
linos, tho value ofCtr-slstanco used is a little, over th^.- surgo- 

impedance of the line, "i.o. R3=^V57c. In this circuit, let 

R = 2 fJj/G which is the or it ini -damping case giving w^ = 0. for 
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V A • Q 

the stop input, Y^(s) = s(s + a)2 + T“ 

and tho inverse transform (B""Vq)[ 1~® *^^(l+at)] + . 

Por the case when 7 ^ = ^-E,‘' V^(t) = B-2B 1+at) . By differeuti 

o c 

athig with respect to t, , t,he^,maj3i;imum occurs when t = 0« Thcroforo 
the capacitor voltage will not excoe.k the , ,init ial voltage. At 
t = (B , its voltage is equal to 'the stop. 


(h) Sinusoidal Excitation j. G(t) = B cos (wt + m) 

- '-T*™. J ^ - , -- 

The ^responses are 
Current 

B- 008 (wt -f 9 + ^ 7 ^ 


I(t) = 


m 


+ (wl, - -^) 


_ e . sm w^t 
was 0 


B e 
m 


-at 


[-^(w^- sin9+2«w cos9| w^^w cos 


-[^*4— o +(~5- ~ cos 9 


jj-w^R^ /i_ 2s2-, . 2L^ 

■f aw(u^ 4- w^) sin 9 ] sin 
J wL 


where o: = =3^ . 


w® 


R ■ 


t 

The capacitor voltage is’, with !;an 9^ = w^/a. 


-at 


^ /.N ®m °°® (wt + 9 +. H’l) 7„ e' 

w„ fR + (wl ° 

O’ 


■ \ 9. e 


-at 


2 2 

TT TorlO 
Wol 0[-3 


4 . r-i 2 ^ 2 t 

+ (j;^ - w ) ] 


[Wq(w^- I;^)' cos W^t - ^ 


IG 


s in w^t] 

0. 


+ 

W. 


Bjj^ Sin 9. Q 


-at 


'I 


2 r ,2 




2 'ic ■ 1:2^ *0* " 


sin w^t] 
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II, Single-Phase Line Energized By Source ; Q-pen-eaded 

] ) ..- Mo trapped charge, no series imnedance 

Let x = o at' the open end. and 
x=L at the source end for the line 
of length 1. Thon it is cl'^ar th^'t 
x=o, the current' is zero, and at x=L, 
the voltage is E(s). ~ 

The d'iff oront ial equations for the 
lino are j . ' ' 

d7(x,'S)/dx = z(s) . I(x,s), and 

d I(x,s)/dx := y(s) = y(s) . 7(x,s), where z(s) = r + Is and y(s),=pp, 
which are called the impedance and admittance operators por unit 
length. The quantities r,l,c are the series resistance, induct- . 
aac.e, and shunt capacitance of the line to giround per unit length* 
We have omitted the shunt conductance g per unit length, hut in 
a general analysis, this also can he included when -the effect of 
corona Idsses -have to he tahen into account. Let p^ = z(s) .y(s) . 

The voltage and current are functions of both x end s, the’ 
t-trnnsform operator. Por ease in writing, wo will omit x and s in 
the h racists. 

The gern ral solutions can he assumed to he V = A e-^ +B e , 
and I = (p/z) (A B . The quantity (z/p) = 

which is the surge-impe’dance of the line* p is the propagation 
constant per unit length. They are hoth in operational form. 

- The quantities, A axid B are not functions of x hut posBihle-,^jfunp— 
t ions of s . ' ‘ ' I 

By using the boundary conditions, we obtain 

V(x,s) = B(s). cosh px/cosh pL 
and I(x,s) = B(s).,siah cosh pL. 

In particular, at the open end, = B(s)Vcosh pL * ^ 



A}J,C 


'■](?) 
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( a) Travell ing-wave Solut ion 

A travelling -wave is described through a velocity of propa 
gat ion and an attenuation factor. These are obtained as follow 
The propagation factor can be written as 

p^ = (r+ls) cs ■= lc(s^+(r/l)s) = la[s+r/21) ^-r^/ 41 ^] 

If resistance is very low, we can write thivS approximately 
as px'fi^ (s + a.) = s /v + a , who're v = velocity of propagatioi 
and a = attenuation factor per unit length. Note that a = r/2i 

r/ 2 Z^j where the surge impedance is = Iv = l/cv = Vl/c. Ttiei 
expressions are valid only if the resistance is negligible and 
for low attenuation. 

Now, = B(^s)/cosh pL = 2B(s)/(e^^ + e"^^) . 

This can be written in a series expansion fomu 

V^(s) = 2 B(s) [e*^^ - + to 'infinitj 

• ■= 2 E(s) [e"^. + ]. 

let 0 be denoted as = attenuation of voltage or current 
whon travelling over one line length 1 , and 1 /v = T, the timr- 
taken to travel over one lino length. Then, 

T„(S) = 2 E(a) [i^. ,e. 3 I ^ 4. ^s. 5 T _ 

Ihe invorso tranaforB of F(a). has tho aamo shape as tho 

luvorsc traasfori. of FCs) but Its appearance at any point is So; 
ed in time by (kT). 

( Step Response 

let us consider the conditions at tho open end of line whei 

the input is a step of height E. Thon, the following soq.uGnce c 
events will take place. ■ 

At t-T, the step arrives at tho open end with an amplitudo 
• E after having travelled over a distarxco 1. It is accompanio< 
by a current wave. At the open end, the current will bo zoro sc 
hat the current will have to be reflected nogativoly. This is 
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a ■bHcfcwar^“%ra-velling wavo from the open end to the source. The 
voltage reflects positively and the open-end voltage douhles tc 
2 AjjB which is the inverse transform of the first term, in \{s) • 

The reflected voltage wave, A^^B, arrives at the source after a 
time T with an amplitude B, and since the source volt ago is 
-constant, this will Too totally reflected hack into the line 

p 

negatively. At t = 31, this voltage (-A^ B) arrives at tho open 
end with an. amplitude (— A^ E) which douhl^.s and reflects hack. 

The voltage at tho open end at t = 31 is thon 2B(A^-A^)=2 EAq(1-Aq) . 

' a f Tho ref lact ions and voltage doubling keep on repeating 
indefinitely until reduced to negligible value for the n-th 
reflect ion to ignore fvirther values. 


The seq.uence of events can be kept track on a lattice diagram 
called the Bewley Lattice Diagram, and the time variation can be 
plotted easily. This is shown in Figure 3 . • , 



1) The- highest voltage fo'r lifhicK line insulation at the open end 

must be designed is 2 AqB when trapped charge is absent.* - In 
transmission Lines,, tho valuo^ of A^ is about 0.9 depGnd,_LD-g 
Upon line and ground resistance and line length . .** 

2 ) When trapped charge is present, practice the 

maximum value is about 2 . 8 B. We may note .that th 4 a.„y:^uc .was'- 
obtained for the lumped-parameter single-frequency R-L~G series 
circuit also. ' ' 





• 3 )' The p,er iodic -time of the volto^e wave is 4T^ It therefore 
appears that the phenoineaoii is taking place, as if it has the 
frequency f = l/4T = v/4Ii- This has gra.at importance when 
calculating the line parameters with ground return. The grou 
return , r os is tanco and inductance aro f requoncy"-dop''-ad')nt so 
that tho frequency to he- 'used for evaluating thorn depends on 
the length of line being switched. The following frequencies 
■for line lengths from 100 Km to 800 lin apply, based on IdgM 



v-filo c ity • 

L = 100 

200 

300 

400 600 

800, 

Kin 

, { 

f = 750 ■ 

375 

250 

187.5 125 

^ : 

94, 

Hz. 


‘ ‘ ' When ground-return inductance is noglectod, this is vrilid. B 

usually the velocity is &3fp light velocity in practice. 

4 ) The time during which the maximum voltage will be present is 
For a 300 -Ijm line, this is 2 ms or 2000 ps. The Wravo front i 
very steep, practically vortical, for a step# Wc can now app 
date that a switching-surge waveform of 250 ps /2500 ps is ve 
nearly approached daring these operations although the actual 
waveform will depend on many factors. 

5) As a mathematical exorcise, tho final value of opon-ond voltp 

. will be 

7„(oo) = ■ — ) = ZB l+A® ). „ ' 

^iot B. This is bt'cause of the approximat ion made in tho \ 
’ ' ■ ' of p. 

For A^ = 0 . 9 , T^Cod ) = (1.8/1.81) "E = 99*3ji E. 

, ^For = 0 . 8 , \{co ) = ( 1 . 6 / 1 . 64 ) E = 97 * 5 ^ B. 

ii) B.ine Wave Resnonse 

.. , principles given for the step response can ho easily 

extended .when the soupce^is sinusoidal and is switched on to the 
open-ended lino. For .preliminatry discussion, 'hens iuor the sourc 
' A ■ iiaiii, 7^ be switched on to the line wimn «/?,nne. 
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Its e<iu.ation. is e(t) = cos wt. If it is switched at any other 
point on the wave, we will have to take e(t) = E^ cos (wt + 9) 
where 9 = the angle after the peak at the instant of switching. 
Eor now, let 9=0. The sequenco of events will now he as followsj 


1) At t=T, the voltage reaching the open end is l^(cos w’<o) . A. 

2) This -douhles up giving = 2A Bj^(cos wyo) . 

3) The reflected wave is A e E^^ which will reach the source whose 

internal impedance is taken to he zero, T! ho ref ore, the reflected 
2 

wave IS -A This -.will reach the open end at t = 3I with 

value - aP Bjjj. In addition, the source will "Bond the voltage 
cos (wx2T) which has tho value at the open end of A cos 

(wx2T) • 


4) Bellowing the procedure, it is then easy to write the sequence 
of voltages received at tho open end at various times.. 


t = T ; 
t = 2T 

1,=-..2T 

t = 4T 

I 

! 

t = NT 


1 


2A E, 


m 


Yo =* 2 A B_ cos wT 
2 m 


Yc 


2 A E^ cos (wx2T) 
2 A Ejj^ cos (wx51) 
2A Ej^ cos (wx4T) 


A^. I 
2 

A Y. 

2 ^ 
A^ Y., 


Y, 


N 


2A cos wx(N~l)T - A^ Y^ 


N-2 



The figure shows the resulting open-end voltage for a 4OO kY 
lino of 1=300 ,-Kjm:with t lie" following line parameters ; 

^including ground return, l,j = 

0, =f.x\F-.lu/o ^ 

If- tho point-o^-the wave switching ' is to he .included, wo 
would only add 9 in the cosine term. 
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(b) Standiiig-wavg Solt^tioa 

The Laplaco-Transf orm of open-oacl volta.ge is 

y^(c;) = B(s)/cosh pL "fith p^ = (r + Is) cs, when g =o. 

Tn the travell ing~'wavG method, an atferopf was made to separate p 
inte an attonuafion term and a timc“shif’ti term* In th^.- method of 
standing wa'Vf'S, the Inverse- transform is evalu.atod directly by the 
method of residaos. This yiclas ari infitiitc number of frequency 
terms just as the t rayell ing-wavc method gave an infiniti number 
of reflection terms. 

( i) Ster Input : Por this case, 

^0^®^ ~ s cosh pi 

The first step is to find the location of the poles at which the 
denominator becomes zero. It is easy to see that a simple pole 
exists at s =0. ThvO residue at this poles is 


Vq(o) = V^(s) . s 


.st 


B 


cosh^( r+la) cs 


s=o 


s=o 


=B , the 
step 


The second term in the denominator is cosh pL which will become 

zero whenever pi = ±j(n+i)| , with n=o,1,2, co . Thus, wo have 

an infinite number of polos. In such a c.asc, the residue is eva- 
lutatod by the equation ' , ■ ; 


pL =+3(h+l)| 

How, when pi = +j(2n-f1)| , p^L^ ^ .(2a+i)^ 7t^/4 
or I^ (r+ls) cs = ~(2n+l)^ Jt^/4. 

This is a quadrat lQ_;equat ion in s and the yalnes of s , are .found 
from 

I%.o s^ -f l^ re s + (2n+1)^ 11/4 = 0 ’ ' 


- ■ Tp- ^ -et 

Y.(n) = ~ v -r-’- -" ' r — yv - T 

o> ' s _d( cosh pi)/ ds 
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wbicli yields s = -a+j where a = r/21 and w^ = ( 2n+1 ) ^n:^/41^1c~a^. 

The term a is tho attenuation factor and w^ is tho natural raaian 
frequency- Ihe first natural frequency is with n=o, (v=l/YTc) , 


w^/2it 


4IjVTc 


4a^l^lc /it^ 


4(L-7v) 


1 - 


2 2 

^2,, 2 
% V 


--1 

41 


when a is negligible, 

This can be seen to correspond to tho travelling wave case-. 
Tho residues at each -polo can~bo evaluated now-. - 


Kow, 



•osh pi =(sinh pi) 


L. 


^ . 

ds 


(a) with pL = 3 C 2 n+l)^, gjjnji pL = j sin (2n+l)~= 


(b) I 



2 

2lc8 -f rc _ L__ 21 c ( -a+ .iw ^^ ) -fro 

r+ls) cs ^ D(2n+1)-~ 


But 21c a = rc . 


d 


^ cosh pL 




pl=3( 2a+1) 


TC 


1 1^ Ic 
j{ 2n+l) 71 


2 

L w Ic 
xn n 

= 0k“’iJ ( 2n+iy 7t 


This gives the residue at any pol^G s=-a+jxe^ to be 


Y^(n+ ) 


B e 


st 


cosh pL 


n ~a+- 

^ B G o ^ (2n-{-1)7i 


0 (-aT 3 Wj^) . 1 w^ Ic 


s=“a+jw, 


n 


.-(- 1 ) 


n B 2n+l) 7t 


e 


3V 


21 Ic w. 


n 


Wj^+ja 


Similarly, at s = ■~a--jWj^,. which is tho eomplox conjugate of s=~a+jw^, 


n’ 


tho residue will be equal to the complex conjugate of the residue 

\ (n+ ) . . - ■ 



RUB -11 8 


- - . . -n V. Q f 2 n+ 1 )rt _e 

7 (n-) ='-(-) P w 

o 2 L^ Ic w a 


-2 Writ 


Ow^t 


-jw^t 


The sum 


rV^’^n V + If, 


Wj ^+ 3 a 


w^ “ 3 a 


a +¥. 


n 


± 




COS (w^t - 9) ,tan 9^ 


w, 


n 


The complete step response is the sum of all rosi(iU‘''s, which wi 
ho finslly 

<20 , .va, - _-at 


i. -1) cos (w,,t-vp;)] 

£ 1=0 ^ 

Each of the terms in. the sign belongs to one natural frequenc 
f^=^w^/2TC. Its coefficient can be simplified further if we note 

XI XX / '-K~ "Xl' p*^'. w <w»n 

that >/a +wj^ = ( 2n+l) 71/21 s/lc. 


csO 


7 ^(t)zl [1 - 




n=o I . vj Ic . w^* 


cos(w^t - (p^)] 


(■fi) Sine -wave Innut : e(t) = cos (wt + 9)- 

The procedure for this cai§e follows the same steps, but no 
pair of poles exist at s = +3w corresponding to the applied for 
ing function instead of at 3=0 as for the stop input. The alge 
is lengt hy... but - .'straight forward and tho final result turns out 
to be as follows: ' 

Let J = — w^ Ic and E = w 1^ r o 

p, = [i (/j^+j)]i , 4, = [|- 

i 

a = *-r/2l, Wj=[(_2k+I)^^7r^/4L^ iQ - .. . 

m = cosh p^. cos-1^ , n = siah p.. sin q, , tan 1/ =n/m 

2 2 P If 

P 2 = a ^ 


i 
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Ihen, To(t) 

o2> 

m 

k=o 


)^ cos (wt+0 ~ 

(-1)^.( 2k+l)TCe‘"^'^ 
L^lc Wjj.(p2+^a^w|) 


f) 

[cos <p^ ■W^(p2~2a^) cos w^t 
-a( 2 wj^+P2) s in Wj^t j- 
+w.sin9.(p2 cos w^t ~ 

2a sin Wj^t) ] 


It consists of a steady -state response terai, and transient response 
torms uhich decay with the time constant t = 1/a = 21 /r. 


Ill FOURISR-TRMSgOBM KBTHOD 

This method applied to propagation of lightning and switching 
surge response of distributed-parameter lines when in combination 
with lumped parameter circuit elements is of recent origin. The 
lumped parameters are series impedance of source, shunt reactors, 
sorios resistances used in circuit breakers, loads, subst=^tion 
transformers etc. 

¥o will illustrate the method for obtaining the woltagc at 
the open end of a line. This was derired as V^(s) = E(s)/cosh pL, 
where p is a function of the distributed line parameters r,l,g,c. 

In the Rourier-Transform Method we write S=a+jw. Then, 

^QC^t+jw) = E(a+ow) ./cosh L^^r+l(a+jw) j- ^ g4-c( a+ox-f}J 

1) Step Rosnonso : Here, E(n+ow) = S/s = S/(a+ 3 w). cosh pL can be 
expandc’d and written as M+jR. Then, V^=S/5 (a+jw) (M+ 3 l!J)| = B/ 

j(aM~wR)+o(aH'+wM) j . This is separated into its real p^rt p and 
j-part, Q. P = S (aM~wR)/D, Q=-E( aSf+wM) /D, where D=( -aM-wR) ^+( alHwM) 


Rinally, th<^ time response is calculated from the 
Eourier Transform using either P or Q: 

.at f 


Y^(t) = P“'’[V^(a+dw)] = 


2 e: 


% 




\ 


(p-. COS trt) 

( -Q.' sin wtX} 


Inverse 


. dw. 


where CT*^ is called the ’sigma factor' which helps in the coiiver- 
genco of the integral. ■ The integral is evaluated numorically 
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according io th'S following procedure. 

a) The limits for integration aro changed to and Wj, instead 
of 0 and CO . 

h) The sigma- factor is written as = sin ( aw/w^) /{ tcw/w^) . 

c) A trapezoidal rule cati he used by evaluating the ordinates at 
w and (w+£i,w) by selecting a suitable increment A w in f requeue 
Then th'- integral can be written as the sum, with n=( w^— w^^) /n.^ 

„ at ‘ ■ 

Y (t)= 2.-|— ^ [P(wj^). cos w^t.cr(wj^) - cos w^_^t. 

]£=1 

■ dr'{wj^_p]. 

wh-3ro = Wj^ at k=1 . 

■ d) The integration or summation depends on the value of the expo- 
nent This imposes very serious rostrictions .aiid a very lar 
number of trials must be made before- the final choice for the 
value of a is decided upon. One rule is- to commonco with the 
v.aLueCa 'T^)= 4, where T^ is th- final value of time upto which 
. , calculations arc- of interest. Per cxap^plc, if T^ = 20 ms ( 1 c, 
time on- 50 Hz basis) a = 4/20x10 ^ = 200. In some case 

the calculatinn nay proceed in stages and a different value of 
a may be selected. For oxa plo, if T^ is to bo 40 ms, a value 
of 200 during the first 20 ms of the cfilculp.t ion may bo used 
and then a v-aluc of 100 for the next 20 ms. 


The integral also depends on the final value of w. Again, the 
choice is based on trial and error. One rule is that w^ shoul 
be greater than the reciprocal of the fastest rise tiJ?ne of the 
voltage involved in the prohletn. The step is the worst voltag 

for this method and any value of w^ tha.t- yields the proper res 
ponse, for a simple problem will give adequate results for all 
other types of excitation. 


The values of M and H can be worked out to bo as follows : 
^ i j_ 

M = [^-'X ^horc J=i^Wr+la)(g+ 

•r.^^ 12 nuK. ^ TT- 'r2x!/^-l\ r ^ 


Ic w2 


and K=L‘ 


|^(r+la) cw + {g+ca)lw] 
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2) SiaeWave Excitation 

Bor this case, e(t) = cos (w^t + <p) , wBere Wp=314 for f=50 

and (p^aaglo oti ■fcb.o wave ai; "tlio Siistaiilj of switciiiiig from ^110 posi- 
tive peak. 'Th.en, -with s = a+jw, and B(s)=B_[cos cn.s — w . sin ©1/ 

^9^ - , m*- ^ o ' 

(s^+W^), 

V^(a+jw) = \[cos 9.(a4-Dw) - . aia 9]/[ :^(a+ jw) ] 

This can bo split into the mal part, P, and j -part, Q, and the 

previous procoduro followed for ovalnating the inverse Fourier 
Transform giving V^Ct) * 

In example of switchjng- a 400-k'7 lino from 'Bohar Power Station 
to the Pan ip at Roceiving Station of the Northern Regional Blcntri- 

city Board is g^ivon ia' tho figure for sinusoid.al excitation when 9=0. 

\ 

Pliease ''see the next page. 


■ ilaother example-' is worked, out when the far and of the lino is 
terminated in a lai’gi- trausf or ner or a roceiviiig station which can 
bo ropLo-cod hy a comb iuat ion of capacit'^nce -and a parallel branch 
consisbing of an inductance and, resist ance . 

lE FDB-PHASE SYSTSMS 

Tho above methods cons ide rod .only a. single — phase system. 

Th'^ extension to ^-phases can be carried out -by first splitting 
tho mutually -interacting systems into 3 mutually-independent 
systems by diagonal iz at ion procedures., oU'fcl,in,ed- -i£i a- previous "cha.- 

— .i 

pter by using the transformat ion matrix [B], and its inverse [T] • 

The writing is very lengthy and is not given here. 



Pc-uM 


Vou.T>r 3 »£, 




2^pj jv-*'- 

I miMMMin- -«•% Iir 


\bT 


o , 2 - ^ A 
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1NSI3LAT1DM CHARAGJSRlSIICS OF LOi'iG AIR G-JaBS 
1 . Tvnes of Electrode Q-eometries Used In BHY-R-lnes ■ — - ” ' 

In e.h.v. transmiss ion systems, all external insulation is 
air (and in recent years SRg) • Air gaps hare reached lengths upto 
20 metres arid will continue to increase. In this chapter- we will 
consider the iiisulation properties of only long air gaps'. 


The "breakdown and withstand voltages of airgaps is controlled 

by the geometry of electrodes which have to be irisulated by the 
g8,p. The electric f iv^ld distribution in all cases is non-uniform. 
The figure shows some electrodes. 

2* Types of Yoltages in EH'V Linos 

The above gaps are subjected to several types of voltage wave- 
shapes. The breakdown and withstand voltages have to bo ascertained 
for all these waveshapes. They are: (a) Power Frequency ACj (b) 

DO (+ and -) ; (c) lightning impulses ( + ,-)} ( d) Switching Surges 
( + > “) • 

In both indoor and outdoor h.v. labs, experiments at great 
expense have been £ind are being conducted, and along with these, 
theoretical models for breakdown are also being evolved. Once 
these m<^chnnism 3 o.r'"- theoretically understood, it will reduce the 
expense involved in sotting up large-scale experiments, as well as 
help in proper design of experiments and interpretation of the 
results*. 


3* Breakdown Characteristics 


The following empirical relations betwcon the 50% flashovor 
voltage value and the gap length arc nearly valid for design pur- 
poses. They are based mostly on the work of Paris of Italy, L^roy 
and Gallet of B. de F., Watanabe and Udo of Japan, and Pescr of 
Switzerland (now in ¥. Germany) . 

6 6 " ' ' 
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Positive Polarity OFO (d .in.ioefcrcs, voltage, m 


kT crest) . 


Rod-Plane ; Lightning Imnalso : 1 .25/50p.s - V^q 

1/50 

1 . 2/50 

D . G . ’'^50 

Bower... groano a^ ' , Y 30 

^50 


550 d, kV 
667 d 
540 d 


500 d 

652 d 0*576 
455 d + 25 


Switching Sargos,, 

120 /4000p.s = 535.5 d 

(3 < d < 9) 

= 500 dO*^ 

= 100(f5od+T-2.5) 
= 3400/(l+C/d) 


Many attempts have heen made to explain these ociuations whicl 

are based entirely on experimental results. Phe thcorutic.al mode] 
ha.ve boon based on vastly different basic assumptions, and a seric 
worker still has the opportunity to consolidate these several assi 
ptions and put together bettor models. Briefly, the basic mecha- 
nism of breakdown appears to bo; 

( i) Before breakdown is roachou, there is an intense corona onvolc 
formed on the highly-stressed electrode* This is particularly 
intense on tho positive rod. This spherical corona envelope ■ 
assumed to have a diamet(-r ranghig froffi 20 cm to 1 motro. 

(ii)Tho corona gives rise to leader channels of about 1 -3 mm in 
diameter such that the radial electric field is 20 kV/cro with 
a charge of about 0.5 to 1 pc/cm. Those loaaors fork out in 
all directions, but the one that eventually causes sparkover 
propagates along the axis of the gap. It is preceded by a 
- - le.ader-corona -at its tip. The axial electric" field in tho 
leader column is about 5 k¥/cm. 
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( iii) I'/hen tlfe leader-corons' has rf'achcd a length of 4.5 to 5 m 
in a 7 m-gap, or about 65~70^fn length, the influence of the 
leader on the plane cathode is so intense that th-rs is a 
jump-phaso where the accelrratioa of th=' leader is high 
enough to hridge the gap and sparkover occurs. In a rod- 
rod gap, a negative leader propagates from the negative rod 
also to meet the positive -leader. 

The following theoretical, equations ar^ available based on 
various assumptions for positive switching surges. 

I. lemke^s Model (d < 10m) 

-Yg = 450 [1 + 1.33 bn ( d-Ln d) ] , kY. 

II. Waters * Model 

Y„ = (1.5 X 10^ + 3-2 X 10^ d)*^*^ - 350, kY 

bll. Alexandrov’s 'Model (r=0.9m) 

Y_ = 1260 r (1 - r/d)^*^, tanh"*^ / 1 

All the three models yield nearly the some value for Y_ for d 

upto 10m, while II and III agree upto 20 m. It is therefore sur- 
prising how widoly-d iff e rant assumptions can lead to close results. 
They also come close to cxporiat'ntal formulas quoted earlier. 

4. Bositivo Switching-Surgo Plashovor : Saturation Probiom 

The positive switching surge ,flashover and withstand voitage 
characteristics of long gaps are the most impoftsnt and interest- 
ing because an air gap is weakest for this type of voltage wave- 
shape. The s.s. magnitude determines by and large the gap length 
required in tower whidows, insulator lengths, phase-to-phasc 
clearance and conductor— to— ground clearance. The problem is comp- 
licated since the CPO voltage depends upon. 

(a) the wavefront time of thi’ switching surge, and • 

(b) the presence of insulators in the tower window* 
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Therefore,, ao two laboratories agree oa tho CfO value of a 

given, gap length. rfroHi-a very largo nuniD-r oi exp*, riniuntal results 

available, some important observations are worth noting. Those 

are- as follows; 

1 • The CI'O voltage of tower windows with insulator striiigs inside 
varies with the switching-surge wavefront titar. 

2. The CIO voltage also varies with tho porcenba^^e of sp'^cc fiLleci 
by tho porcelain with higher permittivity than air* 

3 . The OPO voltage depends on the ratio of Ir.ngth of the ah;rte&t 
distance in air between conductor .and tower t'r tho length .'jf the 
procelaiQ insulator. A ratio of 0.85 to 1 is usuraiy used. 

4 . Thr first tower-window hisulation strength was established by 
J.W. Kalb of tho Ohio Brass Co. of U.S.A. under switching surges. 
According to his experimental findings for 0, 525-kV tower with 
24 discs in the hisulator string, mininnm CT'O oocured at a wave- 
front time of 250 (IS. 

5 . Subsequent results obtained from all over the world at many 
volta.ge levels have yielded th-: wavefront time for minimum CFO 
ranging from 55 to 300 ps . 

6. Since Ealb 's oxporimonts, the' standard vrovc shape for switching 
surgo has'b-''cn accepted as 250/2500 for line equipment testing 

7 . This does nQt_ necossarily rocjva that insulation structures t'.'sted 
,...\js_ing the standard waveshape will yield tho worst s.a. strength. 

Bach airgap clearance has to be tr-stod individuftlly with varying 
front times to ascertain aiinimum GFO. 

8. The widths of tower structures used in experiments h.ave a consi“ 
derablc' effect on the CFO voltage, as well as tho length of con- 
ductor used on either side of a tower mock-up in an c.h.v. 
laboratory. This is because pre-breakdown phenomena depend on 
the presence of metallic parts near the conductor. 

9 . Tho CFO does not increaso linearl/ with the gap Icng’lh. A satu- 
ration phenomenon takes place [CFO varies as 3400/( l+S/d) ] . 
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10. If this is true-, then even if d is incree,sod t:! infhiity, the 
"maximum voltage the gap can support is 3400 kT crest. 

11. This implies that with a 1 .5 p.u. switching surg-'^, thf" crest 
value of powor-f requoncy voltage is about 2250 kV giving a lino- 
to-lino voltage of 2250 l/''3/f2 = 2800 k¥. ¥ith a factor of 
safety of 1.25, this gives a ceiling voltage for ac transmiss ion 
to be about 2240 kV. 

12. Ono of the objectives of the ASBl-lEP 1500kV project is to 
establish the validity of this assumption. 

13 . It therefore still remains to see whether theoretical models 
can explain this . 

14 . This can be compared to what happens under lightning voltages 
in nature. If there be such a thing as saturation phenomenon, 
voltages of the order of 100 to 1000 MV observed in lightning 
might not be present in order to flashover air gapsn-from' cloud 
to ground from 500 to 5000 metres. This is where ilcxaridrov 's 
model and other theories of breakdown under lightning voltages 
can help to understand breakdown mc-clianisms occur ing under 
switching surges; 

5 . Oritical Flashover Voltage. Withstand Voltage, and Statistical 
Pons ido rat ions . 

While all labor'^tori''8 r-'^port the 50^'^ f las hover voltage, a 
designer is really hitercsted in the withstand voltage. This 
quantity is an ambiguous one. According to statistical considera- 
tions, the withstand value in reality gives probability of flash- 
over of .2% and not O^i. Therefore, laboratories must also pro- 
vide this information. It can bo absorved that in ordf'r to detor- 
mine the voltage that will give- a flashover of 1 in 500, at least 
500 shots must bo given a,t each voltage level closo to the so- 
called withstand voltage. Some designers use a .iy. probability of 
flashover which requires 1000 shots to be given at voltages doss 
to this probability. 
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In ordpr to obviate such a procoduro, the experiment al i 
use the assumption that breakdown probabilities iollows a 
G-aussxaa distribution with a known moan value- (30% flashovor voli 
go) and a standard deviation ct" • Ihcu the withstsnu. Vi.iltago is i 
below the GFO. 

In addition to this probability, other factors 'in design als 
require to bo investigated on a statistical basis, especially 
motporological conditions. These give rise to oscillation of coi 
ductors, relative’ air density, rain fall rates, and the nvagaitude 
of switching surges. Prom these considerations it should bo cIge 
that a very large number cf experimental couditii''ns mUvSt bo varit 
in order to establish confidence- in design procodurps. It has be 
recognized, however, that a flashovor to oxtcrnpl insulation is i 
catastrophic to the system. Its severity is the same as a single 
line to ground fault or a phase-phase fault. 

6 . Paris »s"”Wbrk and G-an Pactors 

After a great deal of experimental work, Pr. Paris of the El 
and CSSI in Italy formulated his great theory which has formed t] 
basis for line designs in Europe. According to him, the followii 
results are observed. 

1) the CPO of any gap -geometry varies as . 

2) Por two gap lengths for the same electrode geometry, 

3) Por the same gap lengths in two different elf'ctrode geometrisi 
with one of them taken as rod-plane gap, 

called the gap factor. 

Here, all voltages are the- 50^i flashovor voltages. 

Por example, ^ = 500 and V = 687.5 d°*^ 

^ K for rod-rod gap is 687.5/500 = I. 375 . 
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4 ) For the wore common, oluctrode geometries used, the following 


tail© giv^'-s thf= gap factors 

■Rod-plane K)=1 .0 

■ Rod-rod 1.375 

Conductor to cross arm ond 1 .55 

Rod-tower structure 1 ,05 

Conductor-plane 1*15 

Conductor-window 1,2 

Conductor to structure 1,5 


The values of K given above apply when there are no insula- 
tors present in a tower window. Since the height of insulator 

in relation to the air-gap strike distance d can vary -in designs 
used at different planes in the wdrld, the BHV-UHY Project of U.S.A. 
initiated a very worthwhile set of experiments. Their finding is 
t;hat the exponent is not 0.6 but close to 0.75 for a TL^/d ratio of 

1 * 

The steps to he followed in line designs based on Parises for- 
mulas will he the following; 

( i) From network transient studies (using physical modelling on a 
TITA or mathematical monelling on a Digital Computer) ascertain 
expected maximum value of per-unit switching surge on the 
system studied. Let "this he . For example, suggested 
levels are 2.5 p.u. to 1.5 p«^i« for transmission levels of 
345 kV to 11^0 -kY. '[1 p.u. = crest value of lins-to -ground 
power-f req.ueno‘y voltage at maximum operat-ing v-oltages of 36 2 kY 
to 1200 kY, line-to-l±nJ • 

( ii) Assume a suitable value of the stando.rd deviation cY • This 
is usually taken to he 5% or of CFO. 


(iii) Assume withstand voltage to he ^ 50 ( 1 - 30 ') 


ss 


This should equal 


(iv) The CFO is then g 

(v) This must equal Paris’s value of 500 k d*^ * 
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(vi) The required 9,ir gap clearance is 

d = (7 ^q/ 500K)^/°*^ =[V^^/(1-5<r).500K]^/°’^ 

¥e may remark hehe that the lEBB suggests CT = % whilo the 
I.B.C. suggests CT^ = of the CFO voltage "^^q* 

(vii) Ouce tho line— tc-tower clearanco is calculated through suita 
gp-p factor K, tho line— to—lhic clcaraiice is taken to be l.Yd 
and the minimum conductor-to ground clearance is ( 4-3+1 •4d). 

Example: A 400-kY lino (420 k7 maximum) has a maximum switching 
surge t)f 2-5 p.u. when resistor switching is used and tra-ppcc?. ch3 
is neglected. Asssurae to bo 3<r' below wither^ 5';,, 

Allow a further 5?^ to cover differences between lahor^-tory and f j 
conditions and tako 

\ = rir ^50- 

D'dSign the clearance botwoen conductor and tower and between phae 
Take a factor of safety of 1.2. 

Solution : 1 p.u. crest voltage = 420 V’2/V^3 = 343 k¥. 

Switching surge crest value 7^^=1 ,2x2.5x343=1029 k7. ■ 

b b 

E= 1.2 from the table for conductor to tower window. , 

• • (0^095?TflF5005> = 5-35 »ctK. 

iino-to-liiie clearance is typic.ally 3.33x1.7 = 5.7 nv. 

Line-to -ground clearance is a minimum of 4 . 5 + 1 . 4 x 3.35 9m. 

[note ; The UPSBB conductor-tower clearaiico is nearly 132” = 1' 
= 3-3 aatros, and phase-spacing is 1 lm. The m.inimum 
clearance to ground at mid span is 9 m.]. 
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.PIBRB 0PPIG3 IS GOMKICATIO^TS 

(' After' completing extensivo'f ield"'trials in several countries, 
fibre optic communicat ions systems have started entering commor- 
cial"-he'rvices . In the next f':.w years 'the number of new services- 
will become impressive. World fibre sales,* are stated to be pre- 
sently about 120 million per ydar, and that are expected .to rise 
to 1500 million by 1990. field trials of various now applications 
are in progress at present. - ll'S"o research and’ldevelopment efforts 
are on to find better and'jmoi^o economic materials, optical fibres, 
optical sourcesr and detectors, 3 .nd fibre components. On the other 
hand, applica.t ions in-' .a variety' of 'comaiu-hicat ions , control and 
measuretticnt systems are being 'inv-^-stigated. 

Tho major advanta'?:GS of fibre optics are : availability of 
very large' bandwidth,' im'munity to electromagnetic induction and 
r.f., interferences^ absence of ground loops, less volume and we.ight, 
good mechanical strength and abundance of raw materials* These., , 
virtues have made fjlre optics very attractive for civiHiaa as well 
as military uses .(both tactical and strategic). Today the case 
for fibre optics r'-sts not- only on its high rol iab il ity, and h.and-’ 
width capability under ndisy electromagnetic conditions, but also, 
on price. 

Optical fibres today have , excellent transmission properties. , 
The 'econo El ical multimode graded-index fibres are available with 
losses of 1 to 3 dB/Km according to the light x-ravelength* .Iflieareas 
single mode fibres have a loss of less t'han V dB/km permitting a 
spacing* of 20kro between repeaters at a hit rate of 565 Mbps. In _ 
such a case, approximately 16 TV progr^E^s or some 8000 telephone . ' 
calls can be transmitte'd siniultaneously. The wavelength regions- - 
of interest are the 0.8-0. 9 pm sliort wavelength* region has readily 
available reliable sources (LEDs and laser 'diodes^ and excellent 
detectors'. ' Operating close to 1 .3 i'wo properties of the fused 
silica, fibre permit much longer distances ( repoaterless) and higher 
data rates. PirSt, the fibre loss' 'is'- greatly reduced .and second, .. 
pulse Spreading (owing to’ material dlspers Ion) . becomes .zero^.. At . - 
longer wavelength of 1.5$ pto the fibre loss becomos even smaller., ■ 

■*-add 1 . 3 - 1.55 pm long wavelength ranges. The short wavelength 
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bui; material dispersion is non~zero» In a Bell lab experiment, 
signal bas been transmitted over a unrepeatered distance of 119 
at 1550 nm witb a transmission rate of 420 Mbps* The bit error 
rate achieved was 10”^» However, reliable sources and low noise 
detectors are still not readily available in the long wavelength 
region. 

The most imprrtant fibre fabatication methods in current use 
for the communicst ions field are variants of two: outside vapour 
phase oxidation {OTD) and inside vapour phase oxidation ( IVD) . 

Using lYl method high quality single-mode fibre of 20 km length 
and using OVl method high quality single mode as well as multimode 
fibres of 40-50 km length have been reported to be produced in 
research laboratories. Aslo a minimuBi attenuation figure of 0.16clB/ 
km for a single mode fibre at 1550 nm has been reportedf Research- 
ers feel that using GG 02 ~Si 02 glass system smaller losses cannot be 
obtained. So attention has turned to other glass systems, both 
©xides and nonoxides and predictions have been made of much lower 
losses. Bor example, for fluoride glasses, especially those based 
on ZrP^, predicted losses approach 10 dB/km, and rapid progress 
is being made towards these figures (1980 - more than lO'^dB/km, 

1982 - about 30 dB/km). Very large repeater spacings - greater than 
1000 km at 10 ^ dB/km - is being visualized using those fibres. 

The sources used in optical fibre networks arc Laser diodes and 
Light emitting diodes (LED). The semiconductor material which emits 
light in the short wavelength range (0.85/0.9 pm) is OaAlAs . A 
laser diode using this materiel is reported to have an extrapolated 
life of more than 10^ hours. LEDs and Laser diodes commonly used ^ 
in this region are GW double hoterostructure (DH) surface and edge 
emitting types. The typical light output fo'r a LED is 100p¥ and 
Laser diode is 5"'6 m¥, with spectral widths of 40 nm and 1 nm, 
respectively. A suitable semiconductor material for use, in the long 
wavelength region is the quarternary alloy, In G-aAsP. LELs using 
this alloy are efficient, fast, and very reliable. The quartornary 
laser diodes are still not as reliable, although narrows tripe 
buried hetero-structure (BH) lasers are reported to bo highly reli-. 
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atle, their moan: time to failure (MTfP) at room teaiperature could be 
expected to exceed 10 hours o Howeverj certain probleais still 
remain with BH lasers aged ovor long "period of time. These include 
the occurance of rapid do gradat ion • after long, teroi stable operatioHo 

Silicon photo detectors are a’ haturei ’choice in the 0 <.85-0. 9pm 
range having a typical maximum' 'r'esponsivity. in excess of 0.6A/W 
occurring just above 900 nro. However, Go photo detectors have to 

be used at 1.5 pm w.o.vraength region withi-s ign if ic anti y increased 
dark current* Both PIH as well as Avalanche photo Biode (APD) do tec- 
tors are used in fibre optics, the 'choice depends upon the- rGp-oo.A.-,. 
terloss -longth. l/'Jheroas silicon APD is a commercially avo,ilablG 
detector with excellent photodetcctor properties, germanium APDs 
have high excess noise introduced hy avalanche gain. Yery sensitive 
InGaAs PIN photodoctors have also boon demonstrated offering a poss- 
ibility of a common material tochnology for both omitting and reee- 
iving devicos at long wavelengths.....' ‘ . ' 

• Pibre optic coniponents like connectors, attenuators, directio- 
nal couplers, splitters, multiplexers, demuliiiplexers, etc^ having 
very good properties arc commercially -available,, but, further deve- 
lopment to reduce th^'ir costs is necessary. Similarly, splicirig. 
tools should bo m.ade more economical. ' . ) 

Considerable improvoment -in the space roq.uireniGnts , rel.iahility 
and cost of components for optical communicat ion systems is' possible 
if the individual optical, optoelectronic', and 'electronic jcompojaents 
can be combined to foimi integrated , optical devices. Among other 
things, they may some day help to make full uso of the bandwidth of 
the optical fibre.' 

Availability of very largo b.^dwidth has made application of 
optical fibre in telecommunications highly attractive, hut, this 
also makes it possible to use optict-l fibres for a wide bandwidth 
robust modulation tschniq.ue , like spre.ad-spGctrum n^odulation (SSM) 
and multiplexing for special applications, like data networks, etc. 
Wavelength delTrision multiplexing (TOM) is anothor new technique 
having considerable attention in fibre optics due to its great 
potent iallty. 
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Appl icai; io ns particularly suited to fibre optics, excluding 
telecoii«riunica.t ions , include; process control, remote monitoring, 
CCIY, GAf¥, data processing, single ''and Multichannel a\oden rep- 
lacement, mixed speech and data systems (ISDN), local area networks 
(DM), railway signaling, poxfer system applications, otc. 

OPTICAL PIBEB 

Phree types of fibres ; (1) Stop-Index (Multimode) 

(2) Craded-Indax 

(3) Single Mode 

n. - 

n2=n^(1-6) where 6 = — ^ ^ = 0.01 to 0.02 
At. 850 ^im : ( i) Silica (0002/1205 doped core, SiOg ot 8102/2205 cl ad) 


Refracti've index ; Core (n^) = 1.469 Cladding {^ 2 ^~ 1*452 
Diameter ; Care = 50 pm Cladding = 55~60 pm outer dia = 125 pm 


Max. theoretical M = 0.22, HA = 


n^ = sin 


'Pi max > 'Pi 


= 13' 

i 


Modal dispersion = 57 n sec/km (Theoretical) Practical = ^ x57) 
( ii) Platlc clad silica (multimode step index) 


U-j = 1*452 H2 = 1.405 Core dia = 150 pm Cladding die, = 250 pm 
Max. H.A. = 0.37 (Theoretical) 9^ = 22 outer dia 250 pm 
Modal dispersion = 165*0 ns/kn\ (Theoretical) ' Practical 50 


Multimode Graded Index i GaOo/PoOc- doped core 
(.850 pm). SiO^ ot SiJ02/B20j claid 

n^ = 1.475 core dia = 50 pm n2 = 1 .452 cladding dia = 55 pm 


outer dia = 125 pm 
Max. H.A. = 0.26 (Theoretical) ) 


9^ = 15 

Modal dispersion <0.5 ns/km (experinxental) 


Central region of Core 


: ’^602 doped core 3102 cladding 

n^ = 1.462 core dia = 5*5* pm n2 = 1 .452 cladding dia = 45 pin 
outer dia = 1 25 pm 

Max. H./i. = 0.17 (theoretical*) 9^ = io° Modal di^peraion = 0. 
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5)lis rolation, Detween coro cl‘=iCcLing refractive- iii’dices for a 

step^ index mu^^ti^ogc fibre is n^ -(1 - 6) where 6 « 1, 

typically 6-—^ jr ^ = 0.01 to 0.02. 

For tho graded— index fibr'^s^-the core has a graded index 


which usupaiy clecrepsca radielly fron^ maximum valuo n. at the 
centre of the core according to the law n = n^(1“a y^) whore 


a is a constant andt- is the distance from axis 
popular core is the parabolic gradation; 


A 

j-i. 


pc'rticular ^’nd 


[1 ~ (~\) 0 ^ Y ^ 

- Si 

In the single-mode fibre, the core radius a is .very small 
(a 2 — 5 pm) which ena.bles propagation of a single mode only* 

The number of modes of propagation in an optical fibre is given by 

E = 0*5 ( . 

whore d = 2 a is the diameter of tho core, and EA = (n? n^) ^ . 

» ' 1 2 /-» 


Thus, for a given combination of refractive indices, as tho diameter 
of the core is reduced, fewer moc.es propagate. 'When ovontually 

-I 

the diameter bocomos of the- ..sam.e" orcier of magnitude as the wave- 
length of light, then only a single mode will propagate. 

Tho r.m.s. width of tho in^pulso response for a ste.p— index 

fibre is pronortional to. 6, whoroas for the grade d-index fibre it 

2 

is pro portion! to 6 . 


Pronagation thru* Fibres ; (Ray Theory) 

¥e consider tho step-index fibre, 
n^ > From Snells ’ law 

n.| s in (p.j = n 2 sin (p 2 
or n.j cos = n 2 cos Cg 

Eo real angle Bg exists if n.j cos 6*.j > n 2 

For this inGq.uality to . hold, ^ there will not be a.ay refracted ray 
in' the cladding region* For the rays to be confined t-^ the core 
region the angle 0.] must not exceed tho critical incident angle 6^ 
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where cos = n^/n^ - 

i'asQ s in = n^ s in 0 ^ • 

Assuming n^ = 1 
sin 0^ = n^ sin 
Let 0^ = when ©^ = 0^^ . 

= n. y 1 - COS^ e. = 

I » 1C 


Therefore, sin 0 

’ m 



or^sin 



n. sin 0 . 

1 1C 


This means that a cone of light incident on fibre with conical 
sem.iangle less than 0 ^ will bo accented and propagated through the 
fibre. Sin 0 ^ is the measure of the light gathering power of the 
fibre and is know n in opti cs as tho Humerical Aperture (N.A.) . Thus 


This indicates that the maximum light acceptance angle of the f ibrf 
as independent of its physical dim'^nsions, and can bo made largo. 
Secondly,- the fibre cross-section can bo made small /to iherease 


flexibility. 


It is to be^notod that total internal rehcctioa is a necessa; 
u not a sufficient condition for propagation of. light rays in 
optical waveguides, dt each point of reflection tho ray undergoos 
a phase ^change. ^It is these phase shifts which im.poso an additions 
cons raint. Their evaluation becomes necessary to satisfy the 
condition that optical paths (phase difference) between two normal 

1=7 an mtogor multiple of 

xhXB coaditiOii can be p-nril -hr. 

. • -T5pli-.d to the ray undergoing multiple 

r^ilections ■ in .an. optical waveguide. 

It can be seen from the figure th^t the' wavefronts are also 
eiuiphase pl'anes. Por bhe two ravs 1 and o • 4 . 

an eauir.h=,a« t . ^ ^ points A and 0 are on 

an equiphase plane while nointa Ti -n 

nlane i^n.r J.. 4 -^, 4 . another equiphase 

pxau 0 • i\iow wiion "bbo “bwo -h*r»nT7r.i -p 

the Oihe-r .. . SMiphaso pl^no to 

vne other, their path difference ( ind n ri-ino- 4 - 1 , 1 

2 aue to reflections at 0 and Til , Pl^^^e shuts in ray 

D) sliould bp in + rirT-r.^ X. J! ....-t 
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Loij "fells plis-SO sliif'bs duo "fco iroflocfeion-s 3,"fe C find D "be tp (s'lnie pb.^’.sG 
shift at both ii;iterfacce as tho rofr.activG indices of the tw aiedia 
are the’ samo a,t Tooth C and D) , and to express various distancos in 
terms of d and , we have 


"and 


ilB=BC <?os ©j- - e 
= (OF BF)‘ eos 

= ^l) 

= (cos^ ©^ ~ sin^ ©^) 


CD = 


^ 

s in ©^ 



cos ©^ 

^^d 

s in ©Ij 



Ihcrefore, phase chango_ due to only po.th ’difference is n. (S2, 
.where k is prop,agation constant .in froe space (k = WTT^'s = 
Thus, tho equiphase condition can he expressed 'as 

k + 2 9 = 2'jJn; 

where is^ an integer^ Hence,' only .pays at discrete" vedues of 
angle ©.j satisfying the above equation can propagate,. These' 
discrete values of ©.j correspond to the various waveguide 'mo do s . 

Two tvnes of rays exist in optical fibres ' 

' * " 'T 

( i) meridional rays - . -• ' 

and ( ii) skew rays 

Meriodional rays cohfiiie to a single (meridional) plane and pass 
thru* guide axis. Skew rays do not coaf,ine -to a s'lxigle ’plane and 
do not pass thru’ the guide axis. 


-S.) k, 
2m X 

A 


It can be easily shown thot the path length of tho meridional ray 
is P (©.J ) = L sec ©.j 

' ¥ 

where 1 is the axial length of th-"' guide. The path length and 

therefore',' 'the transit time of a ray is a‘ function of the angle 

of the ray. This differential delay between the -permitted modes 

reduces tho information capacitj/ of the guide. The number of 

reflections of a meridional ray can be shown .to he 

L tan ©^ ’ 


d) = 


d 
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TEe number of reflections plays an important part as eacb. reflect icn 
is associated with some loss* Ihe number of ’reflections per unit 
len^h is ■ ■ ^ 

^ TO- * 


Skew Rays : 


Consider Pi^»1»3(9') which" shows a typical skew ray AXY* Here 
S and T are the two reflection points at the core and the cladding 
interface. XC is no'rmal to the- reflecting surface at the point X 
and (p^ is the angle__ of reflection the ray mak'^s withthc normal XC. 
TP is perpendicula-r from I to the cross-sectional plane containing 
XC. ‘TP is therefore parallel to the axis and P like T also lies 
on the interface. Angle y is called the azimuthal angle for the. 
ray. __ Angle , the angle between the ray and the reflecting sur- 
'fac,e_;-'_is c'ftll'^d’ internal axial, angle. Those angles, i.e., , y ^^id 

‘ are maintained for a pa,rticular ray tlirough successive reflec- 
tions . 


Pigs. T.3 (b) and (c) give the different views of the relevant 
angles in detail. It can be seen thnt the-. angles y .and p are in 
perpendicular planes. Plane YP¥ is perpendicular to plane -WXP, as 
P¥ is perpendicular to XC, therefore, triangle XWf is a right ang- 
led triangle. Therefore, 


cos (p^ 


_ 21 _ 

- 2;t - 


21 

XP 


XI 


COS’ Y cos p 


= 'Cos Y sin as p ^ 2 " 


= X r e, 


s in O' 


1 


1 


cos 


cos 


Tl 


¥e know for total internal reflection 


cos 0^ > 


n 

n. 


■1 


s in 


> 


n. 


or 


cos 


< (1 


n 


n 


2 


( 1 ) 


(2) 
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Using eq. (1), we lisve ^ 

n. s in e. < ( n? - n?) ^ 

1 1 , cos Y ' 1 2^ 


Applying Snell’s law 


(n? - a?)2 


n s in © < . u. 

0 0 cos Y ^ t 

If is unity and is the maxirrum value of the angles ©^, i,e., 
the maximum acceptance angle , then ■ 

i "■-- 

S in ©jyj- = Ana V ( “ n^ ) 


cos -Y ^ 1 


or sin ©, 


s in © 


m 


M " cos Y 
m? 

discussed earlier. 


(3) 


whore is the maximum acceptance angle- for meridional rayS a,s 


(Thus we sen that ■ skew rays can he accepted at wider angles 

than the a\eridionai rays. For y ='0, i.e., for'fhc maxinxum value 

of cos y< 'tlie ray becomes' a' meridional ray. As y varies 

from 0. to ^ , the ra,ys tend to travel more along the surface. 

Tt ^ ‘ 

{At Y = o , tke ray travels along the surface. For any angle © >© 
■'there is ,a range for which the skew rays are accepted. It is 
interesting to note that for any numerical aperturi?,^ ©^. can be 
'equal to 90'^ for y' = ^ — ©^. As an' example, let ©jpCS=-30'^. ''There— 
fore, lA =0.5. Then for y = 90° - © = 60°, wo get © ■ = 90°. 
Hence, there will bo a cone of light of se'mi-conical. angle of 30°, 
followed by a dark band and ‘then a ring of light due- to skew rays 
the width of which depends upon angle y* Thus ©^^ depends upon y 
and the refractive indices, and there exists an angle~Y for which 
rfi-y at any ©^ is accepted. 

The unit path length for a skew f^ay is 

1 =sec©j = 1 
aim 

where, 1^^^ is the unit oath length of a meridional ro,y. The number 

of reflections (n ) por unit length' for a skew ray work out to be, 

' tan 6. 

• s , d cos Y 

■' ' ■- -h- 

or 1 = — 

s cos Y ■ 
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Thus the numher of reflect ions increase ih cstse of iiho skew rays 
o'ver tho meridional rays* If , Y ~ 2 * numhor of reflections is 
infinite giving a true helical path along the intorfaco. 

Attcnua,tion Mc-chanisms : 

The mechanisms for linear losses are; 

(a) material absorption 

(b) material scattering 

(c) mode coupling to the radiation field 

( d) radiation due to bends, and 

(e) leaky modes. 

Material abosornt ion ; Many glass compositions would show negligible 
material absorption in the wavelength regions of interest if no 
foreign elements were present ^ However, traces of transition metal 
or hydroxyl ions have a profound effect. Both the glass typo and 
the state of oxidation of these impurities influence the absorption 

Material Scattering ; Several linf'ar scattering mechanisms can be 
distinguishe-d in most fibre waveguides. The most fundamental, 
Rayleigh- scattering, is always present due -to the inhomogeneities, 
small in comparison tp the guided wavelength, which are produced 
in the guide during glass melting and fibre dra^wing. Rayleigh 
scattering can normally be identified by its proportionality 
to and by its angular, dependence proportional to ( 1 + cos^ &) . 

IVhen the inhomogeneities are coaiparable in vsize to the guided 
wavelength, Mie scattering can be observed. 

Mode Gounling Scatter : Variations in core diameter or core/claddii 
refractive index difference along the length of a 'f ibre waveguide 
can influence the transfer of power from one mode to another and 
•hence to the radiation field. 

dt^^. to m dielectric- guides, other than those 

that are absolutely straight, will radiate. 
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T_,fi!=i.kv Modes s It has been shorn that there is a class of modes ■whacr. 
are not completely guided, hut will slowly leak# TPh'e'SB' modes are- - 
in two classes both of which can be- represented by highly skewed 
rays = . ■ ' 

Piq-neVsion in Optical Fibres ; 


Jntei^Mo da.1 Pispers ion ; It optical .f ibrss only certain modes, each 
having ifcs own velocity of propagation, are allowed’ which corres~ 
pond to disere'tly defined angles of incidence of rays in the 
fibre# Owing to the range of different group velocities of these 
ozcited modes, there -is a spread in the arrival tiinp-s’'of power 
transmitted in the individual modes which results "in a wider, 
dispersed pulse at the output. This is known as intermodal dis- 
person or group delay dispersion, and i&-' murfimode'T ibres j^-the 
dominant dispersion mechamism. The delay, ddf fore nee between an 
axial ray. and a ray .incident at the maximum angle is given by 






Thus, for n.j = 1 <>,45 and & = 8°- ( corresponding to 6 = 0.0‘f)’, 

47 ,n sec./kni. In pr^.ctjicp the spread obtained is less' difs 
to mode coupling botwoon higher and lower order modes and "higher 
order and radiating modes. This results in less power througout* 


Intermodal dispersion maybe greatly reduced, however, without 

associated power losses or'reduccd launching, efficiency by 

arranging for the energy transmitted in the higher- order modes to- 

travel faster than the lower order modes such that the ' increased 

velocity compensates the longer distance traversed by the higher 

order modes to travel faster' than the lower _ordcr. mode.s* Since 

the modal group velocity is an inverse function of refractive 

index this may be achieved in practice by khe fabrication of 

fibres having a gradual decrease 'in refractive index from the 

centre of tho core to the coro/cladding . interface# ■ In a-fibrp 

having an optimized profile and sm.all relative refractive index 

(6 « 1), neglecting other dispersive mechanisms, the maximum 

delay difference (t ) per km. between fastest and slowest modes 

max 
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ii2 

n. 6 

is giYen by per kiB 

(Thus, for = 1.45 and 6 = 0.01, the delay spread is 0.06 ns /km. 
Practical values are aiore than this. 


Material pia-persion : Material dispersion becomes the dominant 
fibre bandwidtb-liniiting mechanism when intermodal dispersion is 
nogligible. Material dispersion, which is also known as wave 
length dispersion, arises a.s a result of the refractive index 
variation of the fibre with the wavelength of the signal source. 
Practical sources used in optical fibre tr-ansmiss io n systems have 
a finite spectral linewidth and since the fibre refractive index 
is different for different frequency components of the source , 
there is a finite range of group velocities which results in a spr- 
eading of a pialse propagating in the fibre. The pulse spread 
due to material dispersion is proportional to the second derivative 
of the refractive index w.r.t. wa.velength, 

X 

c 


Zs. V 


d n 


d X ' 




Por G-ailAs laser of line width 4 nm centred at 900 nm, the material 
dispersion is 0.35 ns /km. For an IDD this is 3 *5 n scc/kr^. 


It has been shown that the second derivative of n and hence the 
material dispersion falls to zero at a wavelength in the region 1 .2 
“ 1.4 ’U® then increases with wavelength but with a change , of 
sign (i.e., longer wavelengths are delayedw.r.t. shorter wavelengths) 


Vavegu ide Dispersion : There is a third dispersive mechanism knowh 
as waveguide dispersion. This arises as a result of the X depen- 
dence of the group velocity in each mode. This is obtained as 
about 6.6 p sec/nni. km. Cancellation of waveguide dispersion with 
material dispersion siay take place a little above 1 . 3 ' \xm when the 
latter changes sign. 

Blectro -O ptic Transducers (Light Sources) 

Li^M; Emitting Diodes /DSD’s) 

Laser Diodes 

GB.KLAB LED’s emit in the 0.85 pm to 0*9. pm region 
CalnlsP/InP LED’s emit in the 1.25 pm to 1 .3 pro region. 

LED’s are simple to construct, extremely easy to modulate, and 
has vrell—def ined reliability/degradation characteristics. 
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LSD’s work "by spontaneous radiation^ 


LSD’s have linear characteristics, so rjore suitable for analog 
systems . _ ■ 

LSD’s have sm-^ller light pow-^r output than lasers. 

LSD’s are incoherent sources- spectral width is of the order of 
40 nm. 

LSD’s can be modulated directly. 

Lasers to be used for fibre optics must bn of G¥ type. 

!• 

Lhey have much higher output than LED’s. Lasers are aiom coherent 
sources thaii LED's 1 to 4- nm spectre!, width. 

If a LED is operating with a binary input, the light output 
will be between zero and some mazimum. 

In the case of laser, some spontaneous emission occurs , at i . 
low currents where the device behaves just like an LED. As the 
current is increased a threshold is reached, I^'^, beyond which 
lasing occurs.- ■ 


The threshold current of lasers vary with temperature and 
time, and differs from time to time. This causes the operating 
point to vary if the drive current is held constant. So soaie 
kind of feedback control is necessapy to keep I^^ undercontrol. 
The above control system provides real time feedback at d.c. 
and low f reqLuencios , and mean power feedback at high fre<iuencies. 


Photo Detectors : (Opto -Elec trie Transducers) 

Photo detectors used in fibre optics are of two types: 

PIE Photo detectors 
APD Photo detectors 

In the APD the eloctricnl output signal from the photodetector 
goes through multiplication within feho device due to the avalanche 
process created by the presence of high electric fields. 
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Eoise at the outeut of the detectors appear from several 
sources : 

(a) Pundamental q.uantum noise which is smply shot noise in the 
photon current^ In effect, it results from the random time 
of arrival of the photons. It has the important property 
that it depends on the signal level. 

(h) Multiplication noise, or additional shot noise in multiplica 
tion. This results from th'= statistical nature of the multi 
plication process in photo multipliers. 

("c) Dark current or leakage current, independent of illumination 
that increases the. above shot noise effects. 

( d) Themial noise in the amplifier. 

(e) Eoise in the transmitted signal or generated in the trans- 
mission medium. 

Si - mostly used in the 0.85 - 0*9 pm region 
G-e - used in the 1 .3 - 1.55 pm region 

APD‘s can have fast response - from well below 1 n. sec. to a 
few n. secs . 

The receiver circuit must provide a steady reverse bias 
voltage for the photo'diode . 

Por PIE r a bias voltage of 5 to 80 Y with extremely low current 
- .it is not critical. 

Por £PD - A bias voltage of 100 to 400 Y is needed - it is cri- 
tical since the multiplication factor depends on this 
critically. 

A remedy to this is to bias the APD with a d.c. constant 
current source. , , 


- » 
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Ope rat lag 
¥oltago(Y) 


Bdgo Bni- 

ttiag 1 *8 

LED Burras 1 .6 

BED Burras 1 .6' 

LED Burras 1 -6 

LED Surface 
emitting 1 *6 


Mean 

Reference 

current( a) 

0/P Power 
( dBm) 

0.15 

“14.0 

0.3 

-10,0 

0.3 

■' -r.o 

0.3“ 

- ^-,2 

0.1 

-7.9 


X ¥ ia do w F ib re 

( am.) ( Ref oronce) 



■ -Core Dia 
- ( poi) 

E.A. 

850 

82 

CO ^ 

• 

o 

900 

63 

€-.-48 

900 

63 

0.48 

900 

-63 

0.48 

820 

(250) 

(0.39) 


Lasers. 

• 

mmJLmrnm 








Max. 

Typical 

Typical 

Typical 

X 

Spdctr&L 

Rise 


Output 

Drive 

Tbrosliold Forward 

(nm) 

Width. 

Time 


Power 

(m¥) 

Current 
( mA) 

current 

(mA) 

voltage 

— 

( nm) 

( psec) 






2 

185" 

156' 

1 .8 

860 

1 



1 

1 10 

' '80 

1 .8 

850 

2- ■ 


OaAlAs 

DH 

' 2 
( in 50 urn 

115 

. 

90^^, - 

2.0 

830 

2.5 

‘-'S 

100 


1 25 pm f ibre) 

NA=0.2, Graded 


• 





Index 





■■ 



7 

185 

150 

1 .85 

850 




( into ]JA=0.5) 







Area 

(mm2) 


0.8 


Bias 

Voltage 

(T) 

, Sensitivity 
(A/¥) 

Dark 
Current 
(nA) - 

Capac 

tancG 

(pi’)' 

10 

0.3 

0.15 

1 

45 

0.6/0.15 
(900) (1060) 

10 

2.5 

45 

0.6/0.15 

30 • 

'6' 

45 ' ‘ 

0.6/0.15 

70 

■ 35 

45 

0.6/0.15 

300 

‘ ' 70, 


Cpre, H.A..Typipal Quan- 
Dia(p,m) ■ Sped%ral’ 

RespbO-ase p(%) 
range ( am) — — 

190 0.48 

Rise I!ime=3/5 400—1400 83/17 
ns (gooKlo 6 o) (500/ 

(106 0) 

5/8 400-1100 83/17 
10/18 400-1100 -83/17 
10/22 400-1100 ^3/17 


5 

50 

100 
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Area(imri ) Bias 
7oltage(Y) 


0.5 

0.2 

7 


275-4257 

180-2507 

275-425 


Gain Sensitivity Bark 

A/¥ 


Cap. 


120 

150 

75 


75/18 

65 

45/25 


Current (pP) 


|iS8 


ime 

. 3 ) 


50 nA 
15 nA 
10 nA 



7 


400-1100 85, 


1.6 0.5/400-1100 60 / 

10 2/ 400-1150 85/ 


Ontionl Betcctors : 

Important requirements to Be fulfilled By photo detectors used 


in fibre optics: 

(a) High response at the wavelength of emission. 

(B) Sufficient Bandwidth or speed of response. 

( c) Minimum additional noise introduced By the detector. 

(d) low supceptiBility of performance characteristics to change 
in ambient conditions. 

(e) Compatibility in size, power supply requirea\ents and coupling 
to the fibre. 


PIH Photo diode I 

When the incident photo'n energy h Becomes greater than the Band gap, 
the photon can excite an electron from the valence Band to the 
conduction Band (absorption). Every semiconductor Becomes absorpti-v 
at some critical wavelength. This limit is known as the- absorption 


edge. 

Xr - 





.Material 

Energy gap, (e7) 


Ph' S 

0.54 - 0.57 

3 .T 5 - 5 . 

Ge 

0.67 

1 .85 

Si 

1 .14 

1 .09 

G-B.AB 

1 .45 

0.87 

Ga P 

2.26 

0.55 


Optical power incident on the photo diode gets absorbed 
and pro dupes eloctron-hole pairs resulting- in mialnly displacement 
current. The number of electron— hole pairs produced depends 
mainly' on the quantum efficienc-y of the diode. ■ 


PKG-n 


Qaaatum efficiency ( ri) of the diode is defined as the fi*aci:ion. 
of ele-cf^Cna • emiffecl when a, single phofon of energy hV is received 
■fay the photodetector, where h is the Plank's constant and is the 
frequency of the propagated light « 

In the PIN photodiode there is often a trade-off between the quan- 
tuDi efficiency and the speed of response. Por higher quantum 
efficiency long absorption region is required-. Por high speed we 
require short drift tini's, thus a. short absorpiton region resulting 
in a trade-off between p and the speed of response. 

An ideal photodiode, i.e., one which produces one electron 
for every photon incident on it, operating at 1 pm wavelength will 
have the res pons ivity of about 0.8 amp. per. watt. 

Responsivity (E) is defined as the average emitted current 
divided by the average incident power 

R = • h coulombs /joule (=:amps/watt) 

where e is the electron charge in coulmbs. 

Since the optical power levels we are interested in detecting can 
be as low as a few nano watts, the photoelectron current will be a 
few nanoamperes or less. Thus the amplifier stages used after the 
detector which generate thermal noise, limits the performance of 
the optical receivers. Thus it is desirable to have a mechanism 
to increase the detector responsivity before ami pi if ic at ion. 

Avalanche photodiodes (APD) provide such a mechanism. 

The doping profile is adjusted to result in a narrow region to the 
left of the intrinsic ( i) region where high electric fields exist. 
Carriers which drift into this region can be accelerated to velo- 
cities which arr sufficiently high to generate new electron-hole 
pairs through the process of collision ionization. These new 
carriers can in turn generate additional pairs . The result is an 
effective amiplif ication of the photodiode output current. But, 
unfortunately, this amplification is random. The variance of this 
randomi process is made as small as possible by proper device design. 
As stated above the speed of response of a PIN detector is governed 
hy the time it takes for carri'^^rs to cross the 'i' region. Por 
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APD tile speed of response is governed "by tlio time it takes for 
carriers to cross the 'i* region plus the- time roiuircd for multi~ 
plication process in the high field’ region^ In. practical APD's 
th-?re is a trade off between the gain and the bandwidth (response 
speed) . ‘ - . - . 

PIM Photodiode ModS k i 

fhe PUT photodiode circuit and its incremental equivalent 
circuit is shown 

= Diode Junction Capacitance 
Eg = Diode Series Resistance 
R-j^ = Physical Load Resistor 

The diode as' can be seen is eseentially a current source. The small 
series resistance is negligible ' in most applications. The load 
is the amplifier to be used with the photodiode modeled as a 
resistor in parallel with a capacitor followed by an ideal, . in- 
finite" impedance amplifier. If A(f) is the amplifier gain .and 1(f) 
the detector "current at a frequency f, the output voltage is given 
tjy: 

- Y(f) = 1(f) Z(f) A(f) 

t * 

where Z(f) = ^ 

is the' impedance of the load, and 

“ _L_ 1 

ana Oj = 0^ . O4 , 

If tho optical power falliiig on the detector with rosp'ons ivity 
E (ampa/watt) is p(t) watts, then tho anplifior output voltage is 

v(t) =s(t) *h^„^(t) , 
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where ^ d.otector iirpul.ge response, and 

lig_j^^p(t) is the load amplii'ier impulse response. 

It is to be noted that p(t), the received optical power 
varies in time at a baseba,ad ra,tc- and not at an optical rate, 
Further, tho modal assumes that the detector output current is a 
linearly filtered version of thr- received optical power. 

iPD Model 

Ihe above is a scheniatic of an APD biasing circuit. The APD 
responsivity is a strong function of the bias v-^ltage. Therefore, 
power supply has to be cnntrolled by a temperature compensating 
circuit to miaintain a fix^-d avalanche gain, because temperature 
variation varies tho detector breakdown voltage. The eq[aivalent 
circuit of an APD is identical to that of a Plii diode. Since the 
avalanche gain is bias sensitive, saturation can occur if the 
applied signal vario.tioas are very large, therefore caution must 
be oxcercised. 

Holse in Photodiodes : 

Various sources of noise o-ssociated with tho detection and 
amplification process for an APD are depicted on next pagb 

Normally when the photodiode is with'-iut the internal avalanche 
gain, thermal noise arising from the detector load resistance and 
from active elements of tho amplifier dominate. 'When internal gain 
is eaiployed, the relative significance of thermal noise reduces. 
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Detector Model : 





i^(t) 



® Inhcmogoiioas Poisson 

ProcGss ;<rith intensity 

■y^(t),o = Gl<"ctron charge 


is an inhomogciious Poisson counting process with intensity 









Fig. 1-2 (a) Side View- a Step Index Fibre 
showing c typical Meridional Ray 
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Cross -Sectional Vitw 


(a) Typical Skew Ray 





(b) 



'Fig. 1-3 Skew Ray and 
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(For Sestricted use only) Coni®. Mag. 

May, 1984. 

OPTIGAI) FIBIE TRANSMISSION FROM CONCIPTION TO 
FROMIllNCE IN 20 IFARS 

(M. Schwarz) 

The Transmittal of information by optical mi^’ans , such as 

smoke and fire signals, dates back to prehistoric timos. HQwev-=>r 
little advance in these methods appears to have occurod until 1791 
when Ohappe invented and demonstrated tho optical telegraph [1]. 
This system was widely used in France .and in other parts of Europe 
for more than 60 year, pa 1870 the physicist John Tyndall demons- 
trated that light could be guided along a curved path in water. 
Subsequently, in 1910» Hondros and Debye [2] laid the foundation 
for understanding this behaviour when they analyzed diel-sctric 
waveguides in their studies of tho propagation of radio waves. 

In 1880, A.G. Bell invented and patented the ’Photophone *, 
which he used to transmit speech signals at distance of a few 
hundred meters. This system used intensity-modulated sunlight 
reflected from a aAir3roy,atmospheric transmission, and a selenium 
detector. However, because the system lacked a well-controlled 
medium, a dependable optical source, and a sensitive detector, 
Bellas Photophone lost out to a.noth 8 r, somewhat hotter known. 

Bell invent ion-the telephone. 


^ Technical development in the field of optical communications 
again seosied to cease until the invention and realization of tho 
laser in 1959 and i960. The prospects of a controlled sour«c 
capable of transmitting enormous amounts of information, at a time 
when the importance of information in the society of the future was 
dust being recognized, led to major research efforts to uncover a 
low-loss, well-controlled, guided optical medium. The breakthrough 
ooou.«. 1 . ,966 K.c. an. a.A. Hoetta. STL p^pose. 

a olad glass f iLei- as a saitable dleleotrio waveguide. They pre- 
dated that a loss of 20 dB/ta should be attainable In such fibers, 
dd® le-xarkable predictions, at a tfee when the lowest loss in 
1 ers was about ,000 dB/to, led to Inoreaslng research In glass 

4]. In ,970, E.r. Kapron, D.B. Kook, and a.D. Maurer 
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[5] of Gorning 0ia«s Wcrrks reported oa a doped-silica clad fiber 
that achieved the 20 dB/km loss bogey. That same year, just eight 

years.. after the development of the first semiconductor injection 

♦ 

laser (GaAs, low temperature, pulse operated only), T* Hayashi and 
otheri[6] at AT&T Bell Laboratories achieved continuous, albeit 
short-lived,' operation at room terjperature and optical confinement^ 
with 'an AlOaAs doubleheterostructure device which was lattice -matched 
to a GaAs substrate. ’ 

is promising as these developments were, there still seemed 
to be enormous obstacles to making optical fiber transniission 
practical. 3ome of the major issues at that time were: 

. Could be: loss the reduced to the range of a few dB/km or 
less to gain a regenerator spacing advantage over competing 
wideband technologies, such as COAX? 

..Gould fibers be produced at sufficiently low cost to make 
optical fiber transmission economically attractive 

. Gould fibers be drawn with sufficient strength to survive 
manufacture, cabling, installation, and field use? 

. 'Gould fiber dimensions and index— of -re fraction profile be 
controlled well enough to permit satisfactory transmission 
characteristics and reasonable splice losses? , , 

» Could splicing be performed in the hostile field environ- 
ment. with sufficient alignment apcuracy, freedom from con- 
tamination, and stability to allow stable system performance? 

• Could practical optical fiber connectors be <^Qsigned? 

• Could injection laser lifetimes, then measured in minutes, 
be extended to the tens of thousands of hours needed for 

real systems? 

<■ ( 

. Gould laser light be coujaed without large loss :mto optical 
fibers? • 
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Q-p-f irmative answers were reathed 

IH tire sacceeding 13 years, atiirmarx^e 

to these questions, and to other vital ones which had not even 
been identifiedi An. excellent ohjec-bi^® historic account of opti- 
cal filer communications has been provlded^'t^heni^l^- hy I. L^T]. ‘ 

In this admittedly personalized and not so ohjectivo account, 
I will review" the piogress^-made in optical f ih^r transmission, 
■with emphasis on the medium,, while pointing out : 

. the set of optical and physical materials, properties, and 
discoveries which jointly make optical fiber communications 

practical : and . . • 

. that scientific and engineering knowledge and tools, along wi- 
the nechssary incentive, were in place by this time which 
supported a period of remapkable progress* 

■ ' .'■n . r 

LOW: LOSS. J'l BBBSrQPENUTg THB P0.Q£ 

As previously indicated, the lowest—loss optical f ib.er that 
has been made by 1965 had a loss of about 1000 dB/km. As engineei 
we sometimes throw such numbers around with great abandon without 
giving enough thought to their significance* To put things in th 
perspective of that time (1965), let us assume that we wanted t( 
transmit a signal via. an optical fiber over distance of 1 .km (a 
short distance br telecommunications standards), without amplifica- 
tion or regeneration,* . Since the weakest signSl -we can possibly 
detect corresponds to a single photon, and assuming a ^.ource 
-wavelength X = Ip®^ 'lilie minimal detectable energy Is 

= hv =, (6.625 X 10~^^)(3 x 10^'^)ergs . 

= 20 X, 10“^° joules (2) 

issuming a -lODO-dB, average loss in transmission, the required 
average input energy E^, is '■ " ' '' 

Bi = B^ X 10^^^ = ?0 X 10®° joules'-' 
to get, on the' average, one photon out| 


( 3 ) 
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One of 'the many waysj.1;o show that this number is absurdly 
large is to note that the total world energy production in 1981 was 
284«51-<inadrillion BlfO [8], Hence, it would take T years 


T = 

T = 


>0 X 10^^ ioulef 


(284.51 ^'^*^)z10^^x1054.8^‘^2|i|l 


6.67 X 10° years 


(4> 

(5) 


to produce enogh energy, at the 1981 rate, to average 1 photon out 
■ of the 1-km fiber length. (Of course the fiber would have disinte- 
grated in the first millisecond). 


The previous calculation indicates the significance of the 

Hao-Hockham prediction that losses of less than 20 dB/km were possible 
in optical fibers* In their 1966 paper [5] they concluded that;* 
'Theoretical -.and experimental studies indicate that a fiber of glassy 
material constructed in a cladded structure "represents a .practical 
optical waveguide with important potential as a new. form of commu- 
nications medium... The crucial material problem appears.- to be one 
which is difficult but not impossible. Certainly, the required 
loss figure of around 20 dB/km is much higher than the lower limit 
of loss figure imposed by fundamental machanisms ' . 

In order to make this prediction, Kao and Hookham had to esta- 
blish the theoretical waveguide and materials properties of the 
optical -fiber dielectric medium, and. demonstrate that the materials 
and dimensional roquiroEients .were realizable. Kao [9] points out 
that 'dimensional tolerance requirements had to be established on 
simulated fibers', and that 'instruments to measure optical loss 
had sensitivities several orders less than that was .required.'. In 
spite of these difficulties, rapid progress was made, includiiig 
vastly improved optical loss ..measuring instrumentation. Figure 1 
shows the enoxmo'us progress that has been made in fiber loss versus 
caleh^ar'-'year. , . ' . ■ ' 

It has already been noted how the Kao-Hockham results simulated 

fiber research in many countries. F.P. Kapron, D.B. Keck, and R.D. 
Maurer [5] achieved the goal of 20~dB/km attenuation in 1970- 



PEC “2 4 


reviewing this work in 1979- Maurer [10] points out that there were 
two key decisions made early in their research work* One was to 
use glasses consisting primarily of silica, with^oxid-s added to 
the extent necessary to increase the refractive index. These glasse 
have provided the lowest attenuations yet achieved and have excell- 
ent physical properties ■ The other decision was. to use vapor phase 
processes for manuf acturiiig the glass preforD\, or rod from which the 
fiber is dra.wn. Vapour phase processes have not only proviood the 
necessary purity but, in addition, have turned out to be surprising! 
flexible when adapted to new ways of making the pjpeform. As a rosul 
both ideas seem to have stood the test of time ana remain at the 
heart of today’s technology’. 

The choice of glasses made principally of silica was very impo- 
rtant from the physical properties point of view, and because of the 
cost and availability of silicon tetrachloride. High-silica glasses 
tend to be chemically stable and durable, and if properly formed 
and free of inclusions and surface damage, can be even stronger thaa 
steel. The vapor phase process normally starts with reasonably pure 
liquid chlorides, such as silicon tetrachloride and germanium tetra*- 
chloride, which, are vaporized in bubblers and carried by the oxygen 
carrier gas through a hot zone in which the oxides are formed. 

This process results in a substantial purification by a factor of 
1000 or more with respect to iron, copper, and other transition 
metal ions, because of the large difference in vapor pressures in- 
volved. This self -pur if icat ion process, and the avoidance of con-' 
tainer- induced contamination associated with melt operations per- 
formed in other glass-forming methods, continue to make vapor-phase 
methods extremely attractive for low-loss fiber fabrication. 

At this time, the principal methods for fabricating fiber 
preforms, from which the optical fiber is drawn, are; the Outside 
Vapor Deposition (OVD) process [11,12], the Modified Chemical Vapor 
Deposition (MGVD) process [I3]t 1*116 Vaporphase Axial Deposition (VAI 
process [14], and the Plasma Chemical Vapor Deposition( POVD) process 
[15]. Perhaps because ■ it has resulted in high-quality multimode 
and siiiglemode (SM) production fibers and is-well understood [16-1$] 
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the MCVD ^process 3s widely used throughout the world for filer manu- 
facture. Figure 2 is a schematic of the vaporphase MCVD process. 

Based on results obtained thus far, it appears that there may 
be little "do choose oerween the alternative processj insofar as 
producing low losses fs concerned. Figure 3 shoi^s the loss versus 
wavelength lur a good, but acc champioii, multimode high— silica flb=r 
produced by such a process. However, there may be some differences 
in the area of profile control, and hence bandwidth reproducibility 
for inh.'timode fibers and '’zero dispersion wavelength^ for SM fibers. 
Those factors, 'and the cost of fiber production, ‘are likely to^ de- 
termine the preferred piac^ss in the future. 

n ot icei Fiber Bandwidth 

ep index multin.\ode opticai- fibers, such as shoxfn in Fig. 4(a), 
with relative index of refraction difference A = 0.01, have a band- 
width fistance product of about 10 or 20 MHz. km. The bandwidth 
distance product of such fibers is in fact proportional to A"’’^ . 

The relatively small ' bandwidth of such fibers is due to the differ- 
ences in path length of the different rays supported by the multi- 
mode guide. In 1964, S.E. Miller [19] made the important proposal 
that the refractive index be graded, as in Fig 4(b)^ to reduce 
intermodal dispersion. By proper choice of index profile ( a near 
parabolic profile) the maximum bandwidth versus wavelength is pro- 
portional ,to A * Since, A is of the order of 0.01, a very signi- 
ficant increase in bandwidth over the step index case is possible. 
However the bandwidth is very sensitive to the index profile, that 
is, small distortions greatly reduce the bandwidth. In addition,' ' ' 
the bandwidth versus wavelength curve is very sharp (see Fig. 5*), 
and the location 'of the peak depends on the dopant concentrations. 

These sens itivitios have m.ade it difficult to repeatedly achieve 
bandwidths close to the maximum theoretical value of multimode fibers 
in production. Figure 5 shows the bahdwidth versus wavelength 
characteristic of the champion multimo-db f iber , which' ha^ the largest 
bcundwidth yet attained [20].' JChis fiber was made, by the VAD process. 
However, in production -'it has been difficult to consistently attain 
high bandwidth with the VAD process, due to the difficulty of con- 
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“'t rolling the involved aerodynamics. Ihis may result in the VAD 
process being used principally for SM fibers (and perhaps low-band- 
width multimode fibers, that is, ^00 MHz. Icm) , sinco the index 
pfofile is less critical for SM-fibers. 

Based on manufacturing results reported to this date, high 
yields ^ 90^) of niultimocie fiber with ba,nci.widths of more than 1500K 
km have not been obtained with any known process. ¥ith the shift 
of systems to the long wavelength region and the conseq.uent reduc- 
tion in loss, bandwidth becomes the factor limiting the repeater 
spacing of multimode systems. This is the case even though modo- 
Eiising, that is, the exchange of energy between modes due to fiber 
nonuniformities, results in bandwidth decreasing with fiber length 
(L) more slowly than l"*"’ . Nevertheless, the need for greater 
bandwidth leads to the use of SM fiber, such as that shown in Fig. 
-4(c), In the wavelength range in which the fiber supports a siugle 
mode, intermodal differential dc-lays are eliminated, 'Fib'^r bandwicit 
becomes dependent on wagoguide dispersion and material dispersion, 
as well as optical source bandwidth. In the wavelength region wher 
material dispersion and waveguide disp^^rsion essentially cancel one 
another, fiber bandwidth can be extremely large. Furthern^ore , with 
an appropriate choice of core diameter, profile shape, and A, the 

'zero dispersion’ crossover can be controlled such that production 
fiber bandwidth remains high at the selected system wavelength. 
Figure 4(d) shows a depressed cladding SM fiber. One of the advan- 
tages of this fiber is that the required ^ value can be attained W3 
a lower dopant concentration, and hence a lower Rayleigh scattering 
loss. Figure 6 illustrates a quadruply clad fiber which h.as <2 ps/nm 
km disperaion in the entire wavelength range between 13-16 \m [21]* 
Such a fiber is well -suited for simultaneous transmission of vt&uj 
wavelengths (wavelength division multiplexing (¥DM)). 

Physical Strength of Qnticel Fibers 

la the early 1970 's, just after the announcement of the first 
low— loss optical fiber, the physical end chemical properties of 
-fibers received much increased attention. ITntiL that tin-^e, most 
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of the rssearch on the strength of glass fibers, and the achievernents 
nado , related to fibers ixi the a'iHiiostcr to few centiinetor length 

raxige. Cable and nenuf acturing engineers changed all that by 

tellhig their cerariist and irietel-lurgist colleagues something like^ 
u 

I^VG got to make cables in, kilometer lengths. "I need to* 
know and design for the minimum strength/strain capability of kilo- 
meter lengths of fibers, not the maximum strength of short lengths!'^ 

It was alrea.dy well known that gl^ss fibers under tension be- 
have nearly like linc-„r elastic solids until a critical stress in- 
tensity for the materiaa is reached [22], at which point brittle 
failure occurs. The stress intensity is highest at crack tips of 
flaws; hence fiber strength depends on the flaw distribution. The 
distribution of flaw size depends very strongly on the material and 
processing histo'ry of tho sample, and consequently -can have a large 
range [23] • Pigure 7 shows the strain capability of high-silica 
fiber versus the maximum flaw size. The maximum flaw size alone 
(weakest link phenomenon) determines the fiber strength, and since 
the maximum flaw size will increase statistically with the length, 
it is clear why measurements on short lengths provicLo little infor- 
mation on the strength of long fibers. Prom the figure ife can be' 
seen that tho maximum allowable flaw size to achieve 1% strain is 

of tiic order of t pm. To provide a feeling for what this n\eans, if 
someone took a pristine sample of newly-formed high-silica glass and 
lightly ran their fingers on the surface, the strain capah-il ity would 
drop to a few tenths of a percent, indicating a' maximum flaw size 
in the 5 pm range i 

The foregoing indicates Oxie of the fundamental issues in the 
physical properties of glass, namely, the statistical nature of 
its strength. The second important strength issue, known as static ■ 
fatigue, is that water can degrade the strength of glass [24]* Both 
of these phenomena are fundamental consequences of the atomic stru- 
cture of glass-; therefore, they can be altered in extent, but not 
in kind 'by composition and processing changes [23] • 


t 
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It is noteworthy that high—sHlica glasses, relative to other 
glasses, have veiy—high tensile strength versus flaw size, as well 
as good static fatigue behavior. That is, the very same material 
systems which are capable of yielding low-loss low— cost fibers also 
possess file best physical properties^ iTovcrtheless , oolical fibers 

in contrast to metallic conductors— have a statistical distribution 
of strengths, as opoosed to an essentially deterministic strength. 
The question asked by our cable engineer in the early 70 's was; how 
could one assure a minimum level of tensile strain on which to base 
cable design and manufacture ( The answer, which was and is employed 
in most optical -fiber cable manufacturing processes, was to emnloy 
proof testing [24-26]. In proof testing, every segment of the fibei 
is exposed to a short-term tensile strain.' t€St, in some ca.ses in-1 in 
with the fiber draw process. This truncates the fiber strain distrj 
bution on the low side and provides the design engineer with a ten- 
sile strain capability equal to or greater than the proof strain. 
Today, typical proof -Strain values in f iber, manufacture are in the 
Sf - 1-5^ range. 

Even if fibers can be drawn with the large strain capability, 
it is almost impossible to handle them directly without introducing 
fl-aws in the process. This, led to the idea of ini ine . co at ing 'of the 
fibers' the, most successful versions of which have been pol 3 nner -coa- 
tings. in this process, the freshly drawn fibers are passed through 
a die co‘ntainiag a liquid polymer, which is subsequently cured 
thermally or by UY radiation, for example. The central idea is thal 
contact with the fiber surface by particular matter is avoidedj 
hence, abrasion— and hand! ing- induced flaws are avoided. Once the 
coating has set up, the .fiber can be fpd over capstans, placed on 
reels,- strande'd :^to units, and cabled. 

In order to obtain very-high strength fibers, many factors neec 
to be controlled [18,23,27]; I'ig. 8 sumn\arizes some of these. By 
paying careful attention to -’these factors, very— high— strength fibers 
have been fabricated. Pigure 9 [18] summarises some of the highest 
fiber strengths obtained to date. The 500 Icsi (1 ksi = 1000 Ibs/in' 
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str^ngliii which • conresponds to about 55f> straia iadicatos a maxi" 
flaw size of about 0«04 pto . Tho result associated with the light ~ 
guide sea trial., reported by Range [28] - that 101 km of fiber in 
^ 2.5km lengths had been assembled and spliced and passed proof test 
of 200 ksi-is particularly significant. 

Gabling and Snl icing 

In tho Gariy 1970 's there were strong concerns about achdaving 
high fiber survival rate in optical cable manufacture. This is not 
hard to undorstyjad for those who have seen tho machinery in a con- 
ventional cable -manufacturing plant. Getting ^-'100 pm diameter 

fibers through such processes without breaks seemed to be an incre- 
dible task. It was a very difficult job, but in-line coating tech- 
niqu-'s 'end proof testing provided the str^-^ngth and handling proper- 
ties required to mn.kG cable manufacture practical. 

Another problem ’unique to o.pticaJ. fibers', called microbend- 
ing was discovered [29,30]. It was observed that small deflections 
of the fiber axis (in tlm submioron range or larger) with .periods 
of a,bout 1 mm ca,n cause largo losses (tens of dB/km) in graded index 
multimode fibers. At the time, there was concern as to whether it 
would-be possible to avoid such tiny bends in cabled fibers. How- 
ever, it wa,s soon realized that coating design could play an impor- 
tant role in controlling microbeading. Gloge [31] demonstrated that 
hard or soft coatings, and combinations- thereof, could be used to 
control microbending. 

Two basically diffei^ent cable design approaches were taken. 

In the first approach, tight mechanical goupling exists between the 
fibers and the cable sheath. This approach, which is sim.ilar to 
conventional cablf^s, has the advantage that it is easy to match the 
'fib^r length’ to the sheath length in manufacture. However, it 
requires that the cable sheath take installation loads with little 
elongation, since the fibers usually have relatively small elongat- 
ion to break when compared to copper (about 1^« for fibers compared 
to more than 20^ for copper). The tight mechanical coupling appro- 
ach led, to the use of thick fiber coatings to prevent microbending 
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loss due to the effects of pressure froEi other cahlp pomponents . oc 
the fibers. Pigure 10(a) shows the cross section of a tyoical 
coated fib^r used in the ‘'tight configuration'. The. .dimeas ions 
arc- doinine,tPd by the coating and hence optical cablosi with this > 
tyoe of coated fiber tend not to be space efficient. A second 
cable design approach places the fibers in loose structures, as 
shown in Pig. 11. Since the fibers arc loose, they need not be. 
pressed on fcy other cable members, and the inherent fiber stiffnes 
can present roicrobends . Such designs can employ thinner coo, tings, 
as shown in Pig. 10(b). However, manufacture of cables with loos- 
ely coupled fibers requires care to avoid introducing excessive 
fiber length mismatch with the sheath length. For examnle, if the 
fibers are 'too long' they will tend to buclcLe and bending losses 
can result. On the other hand, if the fibers are too short, they 
will break under tensilde loading. Figure 12 takon from [32], 
shows a number of high-density cables (with a large number of 
fibers per unit crCss section). The highest-dens ity and lowost- 
-.rsight fib-^r is achieved by the ribbon-besed coble shown in Pig. 
12(e). High-density and low we ight /f ibc r ore important cable 
characteristics ;for duct-type installations. 

Figure 13 shows the cross section of an undersea cable .with 
a tightly coupled embedded core with 12 SM fibers. Added losses 
due to cabling of 18.2^ km of this cable were negligible [33]. 

In the early 1970's, the problem of finding methods of splic: 
fibers loom’^d almost as large as the problems of attaining low 
fiber loss, adequate fiber strength, and low microbending loss. 
Although a number of different mechanisms can contribute to splice 
loss, the difficulty of the problem can be understood with the hel 
of Pig. 14 [ 32 ]. In the case of a multimode fibrr with a 50 pm 
core diameter, the transverse offset between the two fibers has t( 
be less than about 8 pm to keep the loss below 0.5 dB. Attaining 
8pm alignment accuracy of 2 nearly— hair— thin f ib^rs in the .crowde 
dirty, often wet conditions that exist in manholes in aietropolitai 
area seea\cd almost out of the question* Hot only has this been 
donsy but much lower loss performance has been attained, usually 
xn the 0.1 -0.4 dB range. This has been accomplished by clever 
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fixturiAg, using a variety of alignment tecTiniq.ues such, as sleeves 
and V— grooves [32] ^ to hutt splice or fusion splice individual 
fibers. Some cable structures which have regular arrays of fibers, 
such as cylindrical ‘V-groove cores and fiber ribbons, lend them- 
selves to mass splicing, that is a number of fibers are spliced 
together simultaneously.' This ca,a avoid handling the tiny indivi- 
dual fibers and spew'd up the splicing job. 

The splicing taks becoaies even more difficult in the case of 
SM fibers. Figure 14 shows that transverse offset ne^-ds to be of « 
the order of 1 pm to get low splice loss. This is one of the 
reasons that SM -fiber systems followed the development of multimode 
systems. Because of the great accuracy ’required in an -SM fiber 
splice, and because most practical splicing Biethods will likely - 
require ’active core alignment’, that is, adjustment of the align- 
' mont of the two cores to maximize transmission before completing 
the splice, it is likely that SM fibers will not be mass spl'iced. 

Both fusion and bonded butt splices of SM fibers h^^ve been reported 
[34,35] with losses of 0.1 dB or less. 

High-strength SM splicing techniques, needed for undersea 
cable, which consistently have strengths > 200 Kpsi and losses of 

dB^ have been reported [35]. 

F ield Bxt?eriments and Systems 

In order to establish the feasibility and pra.cticality of op- 
tical fiber transniission, a number of aiultimode fiber experiments 
were conducted in the mid 1970 ’s in Japan, the United States, 

France, the United Kingdom, Italy, and Germany, The first of these, 
which emphasized cabling and splicing, was carried out -by Furukawa 
during the summer of 1974. It involved 400, meters of 4 fiber cable, 
of which 200 meters was "installed aerially, the remaining 200 meters 
was placed underground. Splicing was performed using a sleevebased 
technique. Results of the experiment were reported by Murata [36,37]. 
Optical fiber field trials and early applications in Horth America, 
Europe, and Japan are described [38—40]. ’ , 
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AT&T Bell Laboratories installed an . experimental optical fiber 
trunk system in Atla.nta in the la,tter,part of 1975 [41]« The system 
used a 650m, 144 fiber cable that was configured in a loon which 
passed through underground ducts,. Hence, optical signals could be 
sent through the cable many times, ,tc^ establish long transmission 
lengths by appropriately connecting different f iosrs of the cable 
with short jumpers a.t two single^f ibef, jack fields. The cable, of 
the ribbon type, wa,s mass spliced using 144 fiber array connectors 
[42], with an awernge loss of 0.8 dB. A full raiigo of system expe- 
riments was carried out at 44.7 KHd/s, which yielded unropoatered 
spacings up to 10-9 km at error rates of < 10 ^ and negligible 
crosstalk even with mass splicing. 

The most significant aspect of the Atlanta experiment was 
that it established the viability and practicality of all aspects 
of optical fiber trunk transniission, including the optical Cable 
medium, its installation, splicing, optical' "transmitters and receiv- 
ers, electronics, optical jack fields and jumpers, and optiC"'! sys- 
tem performance. The success of tho experiment led to the decisioa 
to install a siniilar system in underground ducts in the Chicago 
'loop' area. The system, which began carrying service in the spring 
of 1977, provided digital video transmission for use with experimen- 
tal 45“Mh/s video terpiinals along with data and voice. The results 
of this effort led to the PT3 45MB/s lightwa,ve trunk development, 
which began in 1978, and to the first standard service in September 
1980 in tho Altanta-Sayrna area. Miller [32] reported that as of 
December 1982 more than 150000 km of cabled'f ihers -had pcen inst.alls 
in association with FT3 and PT3C, which' are AT&T Tochnologios supp- 
lied lightwave transmission systems operating at 45Mb /s and 90 MB/s, 
respectively. As of December 1983, more than 300000 km of cabled 
optical fibers had been install'.- d in what was tho Boll System [43] 
for these s.ame -systems and for fib'-r loop carrier applications [44]< 

The first major field test using optical fibers to bring broad- 
band services to individual residences was the Hi— OVTS preject [45] 
in Japan, which began in 1978 . it used LHD's and plastic-clad ste] 
index glass core fibers and baseband transmission to provide a very 




loroad range of video services, including two ~way' video using chan- 
nel selection signals. It involved 1'68 subscrilers and .wajS confi— 
gurod to help meet the social recLuirements and community needs -set 
by the Ministry of International Trade and Industry (Mill). 

. -At i this time, optical fiber systems are more- than ' in-6eresting 
new technology'. In many places and instances around the world it 
has npw become necessary to justify when anything other than an 
optical fiber system is proposed for trunk or long-haul right-of- 
way applications. This is the case in a number of Bell Operating 
CompaiieSy in the United Eigdom and Canada, to name a few. Major 
long-haul routes in the United States include a 776 mile I'T3Ci route 
along the east coast from Moseley, 7A, to Camibrldge^ MA ^ 

500 mile FT30 system in California linking los Angeles and San 
PrancLsco. 

CM system, with their inherently large bandwidth and longer" 
repeater spacing capability, are the main-thrust in new systems for 
-long and short haul applicationS.JlTT in Japan has sponsored, a f ield 
trial of a 400-Mb/s SM fiber system between Musashino and Atsugi, • 
and 80-kn^ route passing through 11 cities with 4 interaiediate 
repea^eps [4p]» system operates at I3p-m and uses a cable with 

6 SM ;:ibers, 6 graded-index multimode fibers (for comparison purp- 
oses), 2 power feeders, and 6 quads. The UTT trial was due to be - 
completed in March 1983 and was to be introduced into .the long-haul 
network in 1983. Announced plans indicated more than 60 such ins- 
tallations and 90000 fiber kilometers beginning in 1983* 

In addition, both the United States and the. United Kingdom 
harp announced plans for major long-haul routes using SM fiber 
[45,47], and some short-haul systems are already in operation [48]. 

Undersea lightwave systems are being aggressively pursued in 
the United States, the United Kingdom, Prance, and Japan. A Deep 
(fater Sea Trial of an undersea lightwave system was carried on by 
AT&T Bell Laboratories in September 1982 at a depth of 5.5 km 
[49,50]. The results -of the trial include the following; 
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. The 18»2 km cable, which cox-italaed 12 low-loss high-strength 
fibers, performed as anticipated during laying, holding, 
and recovery operations. 

. Error-free transmission at 274 Mb/s was demonstrated =.t 

1.3 pm in a concatenation of 3 rf^generator spnns (a length 
"1 00 fiber km) » The signal was looped through tha cable 
3 tiroes ( 54*6 kro) to 1 underwater regenerator, then looped 
2 more tiroes to a second underwater rogen-'rator ( 36.4 km), 
from which it passed through the cable 1 more time ( 18.2 kni) 
to a shipboard regenerator. 

The maximum change in loss due- to temperabure, tension, and 
pressure was less than 0.1 dB under all conditions. 

In Soverober 1983, it was announced that AT&T has been awarded 
a major portion of the first transatlantic lightwave cable system, 
known as TAT -8 [51]. The Deep Water Sea ^rial previously referred 
to laid the groundwork for, and established the viability of, tlio 
technology AT&T -‘will • employ. AT&T will provide the segmenb of the 
system from a landing poiiit in Tuckerton, to a branching device 
off the European continental shelf. AT&T will supply 3146 nautidal 
miles (nml) of undersea cable, repeaters, and terminal equipment. 
Standard Telephone and Cables will supply 279 ami of cable as 
well as repeaters and terminal equipment to reach Widemouth, 
England from the branching point* Submarcom will do the same for 
the 167 mile link from the branch point to Penmarch, Prance. AT&T 
Oom.munications was given the responsibility for ensuring thj 
technical compatibility of the three parts of the TAT -8 system. 

The system, which is planned for service in June 1968, is expected 
to provide ^^the^^quivelent of , 49,090 two-way telephone channels. 

As a measure of progress in the experiroentel systopis area, the 
’world record for the longest unrepeatered transmission distance’ 
in a Labors-tory demonstration changed hands three tiroes last year. 
Early in 1983 ^a .world record of II 9 km was achieved at AT&T Bell 
laboratories at a 420-Mb/s rate [52]. In June, 1 983 , Mippon Tele- 
graph and Telephone (NTT) succeeded in reaching I 34 km at 446 Mb/s 
[53]t in the spirit of ’can you top this’, AT&T Bell laboratories 
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reached 161-lan spacing at 420 Mb/s [54] • Ihese incredible spacings 
at such high bit rates are not practical today for real systems 
because such laboratory systems do not account for system margins, 
reliability, physical, constraints on splices, -and above all, costs. 
However, they do signify the tremendous rate of - progress being made, 
and it is possible that in a five to ten year period these pOTaaie— 
ters will be achieved in commercial systems. ■ - 

Outlook for the Future 

Currently, fiber rese'arch efforts are moving to the longer' 
wavelength range beyond Ipm, where Rayleigh scattering losses can 
be much lower. Unfortunately, this means abandoning the high-silicSt 
glasses because of their infrared absorption. A number of material; 
systems including germania, fluoride, and chalcogenide glasses are ^ 
under investigation [55] • Thus far, fiber losses have been high 
due primarily to impurities. Although some of these systems have 
the potential for losses below 0.01 dB/km, it will take considerable 
effort to get down to the 0.16-dB/km minim'nm reported for high-silica 
fibers [56]. Even if the intpurity problems are solved, there are 
significant physical-property Iseuas and difficult cost -problems to 
solved before longer-wavelength systems become practical. Never- _ , p 

theless, the payoff potential is so large that it is 'well worth , - 
the hunt ’ . ■ ■ , ■ 

ether areas which appear to have significant potent:^', .j^arti- 
cularly for long wavelengths,' are coherent tranmissioh and deteci:- 
ion. Coherent systems have', the potential of achieving the t^uantum^ 
noise sensitivity limit, however, they require single frequency 
stabilized transmitters and local oscillktors. Depending on the 

system parameters and choices, such as bit rate and type of detector, 
improvements in system sensitivity of the order of 20 dB are' theopet-’- 
ically possible (smaller if a reasonably good avalanche photodiode _ 
(APD) is available). Recently, two techniques have been reported _ , 
for injection locking a diode laser and attaining f ullwidth- half- 
maximum line widths- of less than 10 KHz [57,]. --t- Using an injection-' 
locked transmitter and'an HeNe local oscillator to p'e'jriform heterot, 



.dyne, detection, a sensitivity improvement of 1 4 ^ at 8 I/Pb/s wab 
measured over 123 of 'fitier 3 relative to a p”“l~“n photodiode. 
-Many issues remain to he resolved, such as laser sta,bility, 
polarization preservation in fibers,' and noalj^te-ar propagation 
effects, but there is -reason to be optimistic. 

Much progress ha>s else been made in sources and detectors. 
Shese developments will further enhance the .ability of the new 
optical fiber technology to do old transmission jd'bs better'.afid 
mo'fe cheaply than other guided transmission systems. Perhaps 
this will eventually lead to the same kind of qualitative effect 

that integrated circuits have had 'on electronic systems, that is, 
allowing society to do things that were inconceivable before the 
transistor 'and its descendant realizations. But, for a while at 
^least.. I suspect we will focus on the quantitative side, empha- 
sizing higher' speedy, longer distances, and lower costs. I dare 
say we will see much more of this' in the next 20 years. 
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(Proc.) I33B, Oct. 1980) 

OTTlSVIBy OF IBLlCOJU'MICAf IO a^S VIA OP'IICAL FIBBRS 
A3S-TRAGI 

Ld^ht-wave transn-'ission on a glass -f iter transmission medium 
lias readied a fully cottiJi'ercial st^ssj witli carxier wavelengtlis m 

the 0.82-0.85 \xm region. Second generation systems wHl operate 

with ‘carrier wavelength in the 1.2— 1.6 pm I’egion where high silica 
fibers have more attractive loss and dispersion characteristics. 
Research 5ttue« at s. h^h lovely, id ”il'i lead to continued rapid 
evolution 0 '^ light^ve' system's. 

lamujiMR 

Light wave telecommunication ays te'ms using glass fiber guides 
are now being manufactured and installe'd on a regular commercial 
basis. The era of experimental and trial installations apoears to 
be near an end, and customers are ready for standard coaimercial 
offerings . 

Cables containing phothn flow glass fibers are suo^rseding 
cables containing electron flow in copper pairs or coaxials. App- 
lications are to undersea (intercontinental) communication systems, 
to domestic intercity systems, to aietropolitan are trunking sys bems 
to feeder links in the subscriber loop, and to on-premises or local 
links such as data bus in compubers or switching ma,chijaesft The 
breadth of these applications of optical fibers was anticipated in 
early reviews appearing in PROCBBDTIGS OF THE IBBS [1]-[5]* The 
rapid evolution from research demonstration to commercial service i 

in part a reflection of intensive work in many organizations overse 
as well as in the U.S. "'In pa-rt, it is also a ref elect ion of the 
intrinsic soundness of the new art. Early field experience with 
fiber-guide systems in England, Japan, and the U.S. yielded essent- 
ially trouble-free operation and unexpectedly few 'problems'. 

The driving force for putting fibers into long— distance syste 
is low transmission loss and atbractive b.andwidths. Installed 
cables have shown losses in the vicinity of 4 dB/km at wavelengths 
near 0.82-0.85pmj laboratory sample's of spliced but uncabled fiber 
of 30 km or longer lengths have shown loss below 0.7 dB/km near 
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1.3 ^irt, and system development objectives are less tlian 1 dB/km 
installed. Bor fhe multimode fibers now be in^ produced, dispersion 
limits would permit a bit rate of 50 Mbit/s for repeater spans of 
at least 10 km. larger bit—r-ate distance products should become 
feasible, Bor single-mode fibers a bit -rate distance product of 
100 G-bit km is feasible (from the standpoint of dispersion) for 
a laser system near 1 .3 pm, Ihese numbers are reflected in so 
much lower repeater costs than for wire-pair or coaxial systeais 
th?t the system economics for light wave is very attractive based 
on voice traffic alone, and wide— band services would increase the 
attractiveness . 

Ihe Bell Systeni is installing a standard metropolitan trunk 
system in Atlanta (45 Mbit/s), has committed a 600 + mile longhaul 
system between Boston and Washington, DC, and has under exploration 
a transatlantic cable syf^tcm targeted for service in the late 
1980’s, Plans arc- being developed in other countries. 

Ihe key new components needed for light-wavs 'systems are the 
fibers, the carrier-wave sources (lasers and light— emitting diodes 
(LSD’s))', and the light detectors, 

There are four processes for making the fibers tha.t are likely 
to be used commercially: Corning Glass Works made the first low-loss 
fiber using a process called ouuside vapor-phase oxidation (OVPO), 
and they are still proponents of it, . Bell Laboratories invented 
the modified chemical vapor deposition (MC7D) process which was 
widely adopted by others and which produced very-low-loss fibers. 
Nippon Telegraph and Telephone Public Corporation has recently 
shown that a process they extensively explored, called vapor-phase 
axial deposition (YAD), can also make very-low-loss fibers. These 

three processes all make fibers whose composition is mostly Si 02 

with relatively small amounts of Ge, P, and sonietimes B as dopants 
to alter the index and to lower the" working temperature soaiewhat 
below' that fop pure Si 02 * Tiie fourth process, extensivly explored 
by the British Post Office, uses multicomponent glasses of much 
lower working temperature so that drawing from a cirucible is 
feasible.. The latter has the capability of being a truly cont^i^u- 
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ous pTOcess and, if the pure starting materials becom'^ suitably 
low in cost, may prove the least expensive. Currently, MGVD, OYPO, 
and Y^^D make the lowest loss fib-rs, and all thiSC can also make 
wide bandwidth fibers o 

Piber-guide cable design differs in detail from metallic 
cable design because glass h=s notably different mechanical proper- 
ties than copper, and b'^causo the fiber develops excess loss 
(called microbending loss) if it is distored at po ink. separated by 
the order of 1 mm longitudinally. Pressing against a rough surface 

could do this, for example, nevertheless, by careful engineering 

many of the cable companies are finding viable designs. Similarly, 
splicing and making demountable connectors are new challenges that 
are being met with field-viahle solutions. 


Sources for light-wave transmission are an interesting and 
complicated challenge. Semiconductor lasers and LEb’s are the 
dominant candidates for fiher-guide transmission, hut within th?t 
scopi^-th-ere are numerous options. Lasers are ideal and worth a 
premium price because they couple power more efficiently into 
the fibers and because their narrower spectral width reduces tho 
effect of the intrinsic chromatic dispersion of the silica fibers. 
Present commercial systems -for metropolitan area, trunks u-se 0.82- 
0.85 pm lasers. Longer distance systems arc also planned with 
laser sources. LED's are adequate for data„lin,ks and are already 
extensively used.- Longer wavelength LED's can also take on major" 
transmission roles, miereas at 0.82-0.85 pm wavelength, the LED 
fiber combination yields chromatic-dispers ion-1 ini itod systems to a 
bit-rate distance product of about' I'OO Mbit-km, the second gonora- 
tion' LED— fiber systems near I .3 pm wavelength permit a bit— rato- 


dists.iice product of 2000 Mbit kni' due ■ to the minimal , chromatic 
dispersion of Si02 hear 1,3'pm. fhe laser— LSD ’comparison- takes on 

another dimensic?^ in the subscrib'er loop application^ The en'iS^iron' 


menta,! temperature 'range encountered by electronics’ used in the 
subscriber loop iig large - which, can be acoommoda.ted easily by 
L-uD’s but is dif f icult— f or lasers’. Lasers have an emission tlar©" 
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sEold which is intrinsically toroperaturo sensitive, leading to a 
need for circuitry to automatically adjust the dri'ving current. At 
the present state of the art, this also l^ads to shorter device life 
at the higher temperatures, vvlaat erof^rg^s is a future in which hoth 
XiBD's and la.sers will he needed, but for different a-rplicat ions • 

Further laser research is needed not only to better control 
device life, but also to achieve a source with output .in a single" 
transverse and single —longitudinal mode throughout the device life. 
Only with such a device can the Si02 fiber’s lowest loss regions 
near 1.55 pni be used most advantageously in very high bit rate 
systems . 

Detectors for first generation 0.82-0.85 pm systems are based 
on established silicon technology, and avalanche gain is advantage- 
ously employed. For the I .3 and 1.5 pm regions, very satisfactory 
p-i-n detectors have b-''on made in the laboratory using InGaAs and 
InGaAsP. There are- excess-noise difficulties (probably-fundamontal) 
when attempting avalanche gp.in in th^se materials. The preferred 
form of receiver appears to he a p-i-n detector followed by a low- 
noise GaAsFFT preamplifier. 

Getting the n^-w material systems InGaAs and InGaAsP into 
manufacture for lasers, LSD’s and detectors is one of the principal 
pacing elements in’bringing about commercial utilization of the 
attractive long wavelength region. 

The applications of fib-'r light guides in applications other 
than conventional transmission are often driven by other virtues 
of the fiber waveguide. In computer links, for example, the advan- 
tages are freedom from environmen'eal electrical noise, small size, 
and of course broa.d bandwidth. Here fiber cost is not critical but 
device cost must be very low, reliability high, and digital error 
rate in the lo'"”’’’ -10*""*^ region. Although laser-based configura- 
tions have received the most attention, LSD device performance 
seems closer to meeting the repu ir ome nts . 

. In Japan, the use of fiber for electric powr system super- 
vision, control, and protection has reached the oonmiercial stage. 
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f r-p.^tux’^ss 9^T0 fi'p^cdoR'^ f PC iriclu cij i-O n 3 /nd. no iso 
due to the- iusulr.tiug nature- of the padium* fherc are 35 kn.of 
system in place vith 20+kii'' planned. 'rh'"se users call for standr 
3 , 3 ;*dizat ion of f ib 'rs ?-nd conn''ctors to fa.cilitate comtii'" rc 1*^1 growtho 

In the subscriber loop some, analog light-wave transmission , 
has been usedj- because the- fib'T, link is.corooined with other 
analog transmission systems,, the., cost of digital tcrrun.als is 
often not justj^ied. For the longer term, however, the configura- 
tion of choice is likely to be digital, transmission on feeder links 
from the central office to remote- hit erf aces whore soma forpi of ■ 
Eiultiplexing or switching is likely to bo- used to allow a plurality 
of customers to use the .large transmission cap '.city of each fib^r. 
ani^pj^low ^os% A^^i^ectro'^xes^aM'^memory i£Pl^ imulate no- , 

vel useful transmission-switching configurations. There also is 
needed innovation on the part of the business community to make, . 


use of the new broad— band possibilities. The growth in 'broad 
band’,_which almost certainly will, occur .at some time, 'will involve 
changes in people’s living habits. Although the consumer ¥^11 he 
the final arbiter of the attractiveness of such changes, the busi-, 
ness community will play a key role in offering nc-xj .service possi- 
bilities. The subscriber loop is the place where this action is. 
Against this backdrop of fluidity in the period ahead, suitable 
characteristics for the telecomm'unicstions facilities a,re adapta- 
bility and flexibility. 

Military organizations find fiber-guide transmission attrac- 
tive for telecommunications ana as elements in special applications 
For telc-comrounications , it is savings in weight and cost thai: 
fibers offer as compared with coryr^^r cables, along with freedom 
from electromagnetic interference in congested snv-ironments . 
Ixaa^ples of specialized applications include hydrophones, rotation 
sensors, acceleration sensors, and ( sp-eculative-ly) even a commu- 
nication tether for a guided missile. 


Ionizing radiation increases the loss of silica fibers, by 
amounts ranging from many thousands of decibles per' * 3 lome-^er 
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witlaici- a millisecond of severe exposure to a few decibels per 
kilometer, ten or aiore seconds aft^^r exposure. In this respect, 
photons in fib-'rs are less rusiiVed than el'-''ctrons in -e^nductors. 

'The various communications uses of fib'-rs require laser or 
I/ED powers no more than, a ffw milliwatts, ' and at that power level 
the fibers are linear* ,At powers of the order of 100 m¥, single-mode 
f ib'' rs "bogiii to show nonlin^arity-self-^phase modulation, stimulated 
Raman scattering, and st imulated Brillouin scattei-ing are possibi- 
lities. lor multimoac- fibers ’a laser pow^r of alout 2.5¥ marks the 
onset of nonliri'" arity . Such power levels can be generatod; wh're 
linearity is sought, they roust bo avoided. There may be the 
possibility of taking advantage nf nonlinearity in future novel 
configurations. 

The forward momentum of research as well as development of 
light-wave technology is gr<'^at. The feasibility of using what has 
bv^en called integrated optics in building multiplexing circuits 
for single-mode (and single -polarization) waves has been demonstra- 
ted in the visible wavelength region, and early realization of sin- 
gle-mode polarization-independent circuitry is expected. In this 
work lithographic techniqu-'s, analogous to those used in electronic 
integrated circuitry but including innovations needed to meet the 
requirements of lightwave circuits, have b'^sn created to make poss- 
ible development of complex light-wave circuitry for future light— w 
wave systems. Other work strives to corobinf’ light-wave detectors 
or sources on the same substrate with their associated electronic 
devices-i.e . , prearoplif i'TS or drives; h'=^re th= lithography is 
straightforward but the semiconductor device work is new. Still 
farther in the- future, the building of both electrical and optical 
circuits in the same substra.te ( InGaAsP on InP, for example) may 
become feasible, leading to monolithic integrated electrical -ontical 
circuitry which intermix photonic and electronic effects. Finally, 
the application of nrw memory and large-scale integration circuitry 
to fiber system, manufacture, and characterization needs is certain 
to sustain the rapid evolution of this fascinating art for the 
indefinite future* 
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THE USB OF FIBER OPTICS FOR OOOvIUI:TICATIOUS2 IvISASI]RET'!31TT ATID aOFTROL 

TOHnrHiM'TsrTXc^^jBST:^^ 


CTTROI)UGTIOU 

One of the most important requirements of the ideal communi- 
cations medium for high Toltage^ environments is the ability to commu- 
nicate between points of high potcxitial and points of law potential - 
vYithout being susceptible to injected noise or dielectric breakdown. 

In High Voltage (HV), Extra High Voltage (EHV) and Ultra High Voltage 
(UHV), substations, Bloc tromagne tic Interference (EMI) - Radio 
Frequency Interference (RFI) and ground mat potential differences 
cause problems in collecting reliable', 'accurate high speed data using 
metallic cabling. As the nameplate ratings and the voltages increase 
the requirements for quality and quantity of data collection and ana- 
lysis increase. To meet these data requirements sophisticated mini and 
and microcomputer based Power System Control, Protection and Sup cry 
vision Systems are used (1 ,2,3) • 

It appears that adaption of novel optical teciinologics to provide 
communications systems using fiber optics could provide (a) the 
required electrical isolation and freedom from injected noise, (b) 
fester and more reliable data, transfer and (c) reduction of overall 

i « 

costs. 

This paper provides an overview with .various systems employing 
fiber optics in high -volt ago substations-. The overview is divided 
into throe major sections: (t) Communications (2) Measurement and 
(3) Control. Each discussion invludos possible advanced design 
coTisidcrotioiis » 

OOMCTIC AT ions ' 

This section deals with comraunications as it relates to oonwentio- 
nal point to point data,' voice or video interconnections using 
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In the begining it was of interest to see the f c^'-! Sibil it y of 
nj'j-.Qg Space” optical linlsfor video and data craiisitiission* 
ShrcG such systemS were Jdought ar.d tested* Ibc first: \/as a IiED-driYcu 
data sot used to couple multiplexed data from the subs bat ion yard to 
GOii'brol house* Iho second was a 5 video liiilc employing I'M modu** 
latioii of a Helo Iaser(4) * Iho most recent was a laser diodo 1oK 
bit- system* - Each has its hsosy hoiffeverj poor visibility v^rill knock 
this type of- system out* fith the 'advances in fiber optic systems, 
the free space E?ppi*oach has lost some of its appeal • 

Ihe following discussion on fiber optic link has been divided 
into four parts: (a) High voltage to ground (or high voltage), (b) 
test trailer to transducer? (c) relay house ,to control hausc and 
(d) control house to power hous? « Ihe first is probably only possib- 
le 'using fibers as previous attempts at using radio frequencies were 
not too reliable * The latter three take advantage "of fiber optics 
'portability (very low weight), immuaity to EMI/REI and ground mat 
potential differences, high bandv/idth, low installation costs and 
long distances between repeaters *. 

High Yoltage to Ground ( or Hi g h Voltage ’) Gommunica.t ions 

I 

Eiber optics have been used hi high speed (six cycles or less) 
series capacitor insertion schemes. The first devices installed 

f 

were'^ control up-link only* In 1976 a more sophisticated device was 
designed by lOKIA of E'inland and histalled in a 500 kV line compen- 
sation station 05jl*» Hot only was an uplink capacitor bypass command 
channel provided. but also 24 (time division multiplexed into throe 
downlinlc fibers) channels were provided to a ground based convertor* 
Conventional coaxial cables were c-onnocted from tho convertor to 
instrumentation in the 'control house* These channels provide infor- 
mation on the status of nine protective relays, seven breaker status 
points, five signal and power supply checks, one relay and channel 
continuity chock, and two analog measurements of current channels* 

In additicn,, three uplink optical channels were-includcd to provide 

miuLtiplex address commands to the capacitor platform. This system 
is still in service*. 
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BPA has recently installed, for test, a Wostinghouse ZnO^ (Zinc 
Oxide) non-lincar resistor on one 500 kV capacitor platfoim. Its fun- 
ction is'to absorb and dissipate high energy transients that could 
otherwise destroy ono or more capacitor sections. HoweYor, if the 
resistor itself is in danger then it, along with the series aapaoi— 
tors must bo bypassed. Por this test, BPA designed, built and 
installed an energy monitoring dsYice that integrates the energy stored 
in the resistor and issues a bypass command if the resistor is 
danger. To do this it was necessary to measure the current into the 
resistor (using a coiiYentional OT) and transmit that information to a 
microprocessor located in the control house. Por that task a 4-ohannel 
325 meter lov/ loss fiber link using voltage to frequency-frequency to 
voltage conversion was designed. It was unique in that jp.f full 
scale do to 5 KHz accuracy was required. The three additional channels 
provided one voltage and two other current test readings. The capaci- 
tor platform was tested under system fault conditions, met design 
requirements and has been in service since late 1978. Other links 
arc being designed for other platforms. 

Test Trailer to Transducer Qommunications 

Using the same modulation technique and similar equipment to that 
described in the previous discussion on capacitor platforms, BPA is 
proceeding to redesign the communications links to and from its por- 
table test trailers • Previously, heavy triax cabling v/as used resul- 
ting in (a) difficulties -in laying out the cables which attach- to 
various precision transducers located throughout the high voltage 
yard and (b) problems of ground isolation. Tho ground differentials 
may exceed several thousand volts during fault conditions, which com- 
bined T/ith induced EMi/BPI coupling, pose problems with accurate data 
collection and interpretation*. Qhanging over to fiber optics and 
utilizing batteries at the transmitter site,, in addition to good 
shielding of the transmitter, eliminates the problems with ground 
diffcrontials and induced EI.II/RPI. , Piber optic cable reels weigh 
oily pounds as compared to the hundreds of pounds .for triaxj thus, 
storage facilities andlaydown times are minimized. Two different 
systems arc in the planning stage, both at +0 .Ij^accuracy; one with 
a response from do to 40 KHz and tho other to 5 MHz.. Tho interface 
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^ - - - 
units vrill Tdc designed to..allow for p. vnrict^T- of iunuts . Inputs ^ 
include Cp.ppcitivc' Potential Iransformcrs (CPI's) , G'urrciit Irnas~ 
formers (GT's), y/irewound Potential Iraiisf ormers (Pi's), i.rcssure 
and temperature transducers, etc. Ihe ability to run the fiber 
optic cables directly to high voltage areas is an advantage not 
possible with the triar cables . 


Eelgy House to Control House Oommunicatio rs 

Substation cable tunnels and ducts between points within the 
sv/itchyard and the control house,, can be fairly expensive. Fiber 
optics with their inherent ability to comniunicatc at high baiidwidtiis, 
while requiring very little space, arc expected to significantly 
■ reduce these expenses • 

BPA is using sophisticated minicoraputer based systom to handle 
large quantities of station events data.. If remote multiplexors 
located in relay houses in the yard are used, fiber optics can pro- 
vide noise immune links to control house Substation Integrated Oon- 
trol Systems (SIOS) with' much less costly ductwork. BPA has experi- 
exiced no major problems in pulling fiber optic cables through exist- 
ing ductvrorks as present day fiber cables are very vrall constructed 


— House to Powerhouse Oom munioat ions 

BPA substcitions arc often located near the hydros loc trie power 
houses or thermal generation plants. large quantities of secure data 
arc needed to and from those power plants . Ihe more coim^non data lirks 
have boon hardwired multiconductor' cable and microwave communications 
systems. ^ Ihe cabLes, at times, arc plagued with noise and largo 
ground difierential voltages. Ihoy are also bandwidth limited, ex- 
pensive and very difficult to install. Microwave links, without 

^ cctors, are line of sight only and arc subject to frequency spec- 
trum _ availability . Incorporating fiber optics would allow for nearly 
unlimited bandwidth growth, ease of installation and freedom from 
noxBo and ground differential voltages. Repeater spacings of up. tp 

3 kM are feasible . Gables with internal strength members (messongor) 
arc available for overhead routing ia 
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IfflASIIREMT 

This topic is probably best ^parp.tod into two parts x (a) Active 
(light source an55 electronic modulation at the lacasuremont' si^c) and. 

Optically passive (exclusively diele.ctric at the measuremenlt side) « 

Measurement Using Active Tran s ducers 

One of the first systems "using optical waveguides at SPA vres the 
Allis-Oha-lmers "Traser”' current transformer. This unit was' tested in 
1963 and was designed to ncasiore' current on a '230 hY bus. Using a 
toroidal winding around the bus, a small representation of the line ■ 
current ?/as used to frequency modulate a light Emitting Diode (ISD),- 
This lED was close-coupled to a rigid, cladded glass rod v/hich was 
dielectrically connected to a phototransistor and demodulator some 
six meters avfay at ground level. The overall concept was sound, how*- 
ever, in the event the lino was faulted the pov/er supply, which relied 
on the 'bus being energized, could not become useful in time to enable 
the modulatoi' to provide adequate information to link protection re- 
lays. This y/as a serious problem. It wasn*t until 1978 y/hen Westing- 
house, under EPRI funding, installed for test a modified adaption ol 
that device in a BPA 500 kY facility for evaluation purposes. This 
device had a startup time of 100 pS or bettor (which is fast enough 
for adequate protection), utilized inalog/Oigital (A/D) conversion, 
realized a 10 KHz bandv/idth and provided an optical p-ath using low 
loss, ruggedized, graded index fiber optics continuous from site to 
control house (300motcrs) . This technology is important as it-offers 
possibilities of relief from the usually bulky conventional OT, .pro- 
vides better dynamic current range and frcguency response » -In terms 
of dollars it moans lov/cr construction and installation costs, espe- 
cially as it relates to 1200 kY instrumentation. 

little y/ork hasbeon done in voltage measurement using similar tech- 
niques, Hov/ever,^ it would -Tie quite possible to employ fiber optics to 
eliminate the use of metallic cabling in the same manner, A divider 
(resistive or capacitive) to ground yyould bo required which still 
leaves the problem of a bulky,, expensive support device • Other, more 
sophisticated methods of measuring voltage and current are disoussed 
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ill subsoquont paragraphs on optically passive doviccs. 

Other applisotioiis which employ fiber optics include HV DO con-' 
Tortor valve control# In such a devicO' an optical sybuCii coimiiands a ^ 
positive pulse be applied to a control grid which coLui^^orac cs the 
negative grid bias voltage thus triggering the valve Tnerc arc a 
number of such devices used in the Pacific -Intcrtics +4'00kir DC Convor- 
tor station 'St Ooliloy near Dalles , Oregon, llso, an experimental 
H'oghcs-designcd metallic return transfer breaker was ins t '-lied for. 
test at the Golilo DC facility Which utilizes fiber optics for vol-t 
tage and current measurement in conjunction ?\rith corvcntional OPT 
and Hall effect device transducers* 

Other parameters to be measured within a TTV facility may include 
temperature, pressure, positio ml status, field strength and gr.s or 
oil composition or level. It appears that all present methods of 
making these mcasuremonts could be adapted to employ fiber optics 
providing there was pov/cr available at the site to run the transducer 
and modulator. If power is not available or not practical, c.g*,_ ■ 
measuring temperature deep within a transformer, v/ircTfouiid OPT, or 
breaker, then a more novel approach mey be to power the circuitry 
7/ith light derived power. In one- approach, the photorcception pro- 
perties of a lED could be used. Assuming that it is possible to time 
spae'e tile transmitted message, an optical solu’cc at the terminal end 
(i*o«=j IllDjIiD, HoHc laser, etc.) could be used to transmit enough 
power to the site ,to charge a storage and regulation device* Then at 
a timed interval (o.g#, triggered at the absence of the pov/cr beam) 
the transducer would send its message via the IBD into the fiber 
optics to bo received and decoded at the terminal end*. V/itli fiber 
losses very low and responsiveness approaching 0*5 nmpcrcs/watt a 
very efficient pov/or transfer is possible. Of course, .usiig a "Sepa- 
rate photodiode aaid fiber optic channel would also do the t.-sk. 

tn 

Measurement Dsing Optically Passiv e Devices 

^ 

In .the ideal system no electronics at the mersuroment site would 
be best. PhG ontiro liik outside the control house, including the 
traiiK-ducer j, could be dielectric, avoiding the need for pov/er supplier 

shielding and circuit maintenance • In 1968 BPA besan looking into 
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such mi approach* In 197^ practical methods of doing this were des- 
cribed and by i975 a prototype was designed, constructed and tested 

in seweral 500 kV ao facilities and one +4-00 kY DO facility. Ihe - , 

system v/as a non— contact voltage measurement prototype system which 
used an electro-optic crystal interogated by a laser beam. While r le 
this prototype did employ electronics at the site, the dielectric 
sensor was domplctoly isolated one meter distant*. Iho sensor used 
\Yas K^DP (Deuterated Potassium. Dihydrogen Phosphate) and its dynamic 
optical properties ?/ere the result of the Pockels effect. It essen- 
tially measured the electric field and thus' the voltage on the bus 
could bo derived. Phis device was designed as a method of detecting 
high speed (200 KHz to 1 1-ffiz) transients for use -in automatic fault 
location equipment and used a digital fiber optic data from 

yard to control houso . 

Earlier in 1973 a materials search was conducted through a contr*-.' 
act with the Oregon Gradu-^tc Center (OGC) - Beaverton,' Oregon .1 Phis 
contract proved voltage, current and temperature measurement, could 
be performed *0 (6, ?)• Phe results was j prototype installed at a 500 
kT facility in 1977 which, using completely dielectric materials at 
the bus level, measured the voltage, current and ambient temperature',.. 
Phis was classfied as a "Prcc Space” device (as was the former device) 
in that interrogation sources and detectors, including analysis elec- 
tronics, v/cre located directly below, at ground level (approximately 
seven metres from the bus and sensor modulo). Attempts to integrate 
fiber optics at this time were not made due to the unavailability of 
proper low loss fiber optics and sourcc/dotector coupling mechanics. 
However, a prototype voltage, current and temperature measurement 
system using long (up to 1 Ml) low loss fibers is being designed and 
constructed now (the sensors being supplied by the OGC, the rest of 
the system by BBA) • Pests of the prototype arc scheduled for cdrly 
1980*- Eigures 5 and 6 show block diagrams depicting this approach* 

In addition,, a portable E-Eiold measurement device will be constru— , 
cted to allow for quick field strength mapping instrumentation with- 
in and around energized facilities.. Phis device will employ K DD, 
hoYrevor, lithium Hiobato (liFoO^) ,will bo used .in the high accuracy 
(+ 0*1^), high bandwidth (up to 10 4fflz) bus voltage measurement 
sensor* In the current measurement sensor, (same specifications) 
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the Earaday effect is used with a bat. of Hoya ER-5 glass (originally 
used in the 1976 fnoo space device)- " ' . 

!I?heso higher bandwidths and accuracies could provide a more 
efficient approach to fault locating and some protective relaying 
schemes'* Por example? 'bwo E modules spaced approximately one meter 
apart could provide information as to which direction a travelling 
wave from a pov/cr line fault was coming,® At prcseiic this accision 
is deductive using other? slo'wor methods* 

Phis- technology of measurement using optically passive devices 
couldbe significant in that not only can the devices be male faster 
and more accurate ? but will roq.uirc far less "Bulk" in the support 
structure * In 1200 kV applications this should reSult in significant 
cost savings* In addition the device could bo included in instru— 
montat-icn plans for compressed gas insulation (OGI) facilities*. 

Cost savings could be realized by incorporating many sensor i 
modules in the same support -structure? as shown in'ligure 7* A 
typical 'Substation distribution* scheme (breaker and a .half) is shown* 
An optimum system would -allow measurement of current on each log and 
voltage on each section.- Using conventional technology this would, 
require eight separate structures* With -optically passive Elcctro- 
Optio/Magnoto-Optic (E-O/M-^) technology? only two structures would 
be required • This provides redundancy and could result' in a poss- 
ible contraction of the physical layout sisse of a, station* 

Temperature measurement is important since the E and H~ficld 
crystals arc affected by ambient tempervaturo and thorcfcrc must bo 
corrected by 'feedback circuits or other means . There arc various 
methods to optically measure temperature including rotating another 
field sensitive crystal away from the field axis .(null) and optically 
monitoring its change* This could also be done vising the same crys- 
tal (See Eigin?c ., 9 ) * Other, ways include utilising the natural thermal 
bi-^rcfringGm,ent properties of quartz*. This method will be used in 
the fiber optic coupled E-o/M-0 device (Refer ^ to ligurc 5)*. This, 
technique was first used In the 1976 BPA .free apace device (6). 
Another method in-yol-ves interrogating temperature sensitive liquid 
crystal solutiors* Still another method uses materials which. 
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exhibit dyiinmic optical nbsorbtioiio In this technique n material - 
(l*e»j golci doped rubyj YIG-j etc®) is interrogated by a laser beam, 

Ihc temperature change intensity nodul-tcs the inbound light which 
is clotectcd and linearized romotly® 

The temperature moe^surement device by itself would, also be useful 

in other applications such as HV transformai? overheating detection » 
EesolutiorB to OJ 0 are possible* 

Measuring other conditions such as positioiTal status, pressure,, 
liquid level, density, and possibly even gas or oil composition or 
contamination,, are possible® Several ideas are shown in figures 9 
and 10 to illustrate this point* Figure 9 shov?s a scheme in vTliicii 
pressure could be measured* Figure 1o shoT/s how a 500 kV disconnect 
switch could be monitored for positional status* 

OOFTROL 

Perhaps a more difficult task than the measurement of variables 
is the control of devices* Here the advantage of the” comforts^' of 
the control house for optical detection are gone and replaced by the 
noisy, dirty HY environment* -Fortunately -most control functions will 
not require the large bandwidths and risetimes required in measure- 
ment so detection amplifier can be made more immune to noise* 

It BPA, control using optics has been demonstrated in various 

devices including trigger functions on HF AO to HV DO convertor 

valves, (ASIA-1968) HV power circuit breakers (FUGI 1/2 cycle, 500 kV 

brcaliicr - 1974 ) and in insertion of series capacitors at line compon- 
stations 

sat ions/ (Yfestingho use - 1968, lOKIA - 1976)? All such devices use 
energy derived from the HV platform to power reception, analysis and 
trip electronics at the site * 

The design approach for optically passive control systems (comp- 
letely dielectric) is not immediately obvious at this time# Further- 
more, the use of optically active components for control docs not 
appear practical because of the unavajUL ability of iiLtra-high gain, 
high power photo-SOR's and TRIAO's. 
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One rr.thcr interesting control applicr'tion thrt h- .s boon ais- 
cussocl at HPl is the use of a high energy laser beam to iiibcntionplly 
cause a lino to ground fault for lino and device testing* At pres- 
ent there are three normal methods for intentionally Gauging a povYer 
faulty bolted (closing into a f Ised e trap from line to ground or line 
to lir^ ) j, swinging \Yire ..(wire Y/ith a dcadY/eight set up to fall into 
a lino with the tug of a rope)? and the use of a croGsb.ov/-arruvY and 


wirco Each has elements of danger, requires emtonsive tine to set 
up,, iS: not totally reliable, •'"nc. eo.ch has the drav/bfick of not being 
able to chose v/here on the voltage or current VYavc the ' rc v/ill be 

initiated® Using a high energy laser beam, coupled through ultra 
lo\7 loss large diameter fiber optics, directed to the energised bus 
air (perhaps with a dopant gas) can be ionized (up to 1 meter) almost 


instantly and conduction to ground made at my point in the cycle .r- • 
This could be valuable in -YYorst Crasc testing of new pov/cr equipment 
line characteristics, aautom'^tio fault loC’^tion equipment,' etc. 


.. .. COUCLUSIOh 

When the magic number of 20 dS/lffl attenuation (nov/ approaching 1 
dS/Mi) was attained in fiber design, it became apparent that fiber 
optic cables could play a. significant role in futiu'o substation 
design plans* After industry solves existing problems, such as field 

aplicing, universal connectors, more efficient luID’s and lED coupl- 
ing, longer lifetimes on laser diodes, and y/Iigu designs on optically 
passive transducers are tested and perfected,, then the unique advan- 
tages of this technology will be available to ■ engineers 'in helping 
them reduce costs and provide more reliable communications, measure- 
ment, and control service within high voltage substationa- 
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High Voltage Transf orrpors 
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HIGH YOLTIGE TRANSFOSfERS 

Ihepe has been a tremendous increase in the unit sizes of 
transformers^ in the last 30 years# Inspite of the fact that the 
basic materials have remained unchanged, a better understanding and 
better developed technologies have contributed to reduction in 
weight per IfVl ^and improved effieiency. For example, ORGO v/as ' 

_ „ - ' 'T~' 

available in i9’50s* In those days, to utilise the grain orientation 
of tnis material, cores were built up as shown in Fig«i • Ilie lamina- 
tions were secured through bolts and the.- flux path round these holes 
and the corners is as sho?rn« In a 3 phase core, corners weigh. 25 to 
30?^ of the total and with the flux passing against the grain orienta- 
tion,. the iron losses may be upto twice the normal. In modern design 
the 90*^ joints have been replaced by 45*^ioints as shown in Fig'*2 and 

the number of bolts have also been minimised* In order to' permit 
interleaving they are arranged as shown in Fig .3 * Ihe study of- the 
electromagnetic phenomena of such a structure is quite complex • For 
accurate analysis, the flux distribution is neededj This has been 
‘studied through, an analogue employing an electrolyfic ' iank. We are 
all familiar with the usefulness of the latter in 'high voltage 
engineering* Computer simulation has also been employed to calculate 

the flux distribution. In some modern designs the bolts have been 
dispensed with altogether and the core is held toggther by resin 

impregnated, glass tape, which is heat cured. Such cores arc not only 
magnetically superior but also mechanically. The achievement can be 
ggaged by the fact that using the same core material and flux density 

the iron losses have been halved . This has been accompanied by signi- 
ficant noise reduction also ., 

I 

WnOCTGS . ' ^ * 

Results of advances in windings, also been quite 

spectacular although conductor ..tl^^rial as well as insulation^ have 
remained virtually uncha'figek ' Be sig%f. actors that are critic^al are 
different for 1 .v./m.v. transformers and h.v. transformers. From 



the point of view of the windings of high voltr^ge transformers, the. 
most critical problem is impulse response, v/hich is a transient ros~ 
ponse. The windings for this purpose are represented as follows: 



Bach section represents one turn and the parameters in each section 
are equal. \?hen a lightning/awitching surge strikes it, the front 
of this impulse voltage is like a quarter cycle of a sinusoidal wave 
of very high frequency. Inductive elements under such conditions 
offer a very high impedance and large currents flow through the 
capacitive network. If the shunt capaDitance, representing the capa- 
citance _betr/een the winding and core/c.asing, wore absent, the voltage 
distribution wou^d have .been unifoim. Ihe actual voltage distribu- 
tion is as shown in Big .4. Thisis the initial voltage distribution 
as shown in Big . 4(a) . The voltege response with respect to time 
goes through oscqlletions,, when the voltage Aiay reach more than 1'50?5 
and the final value shows a imifoirm Y-distrilDution* 

i, disc type of. F/inding gives highly non-uniform voltage 
distribution, as’ shown in Big .4 • This type of winding has many ad- 
vantages as follows; 

A 

1 . It is comparatively easy to direct -the flo'.F of oil through • ■ 

each disc and the temperatui’o rise in the winding can be 
minimised • 

2, Mechanically it is easy to build and is robust* 

3. There' is no need for inter-layer insulation vfhich also facilitates 
the production of a satisfactorily rigid and adequately braced 

.y/indingf. 

4* The space factor is' higher. • , , , 

5.. Better magnetic balance can be achieved and the oalcoLation of 


reactance is simpler* 
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In the above cases the shields have been appliedto reduce the 
shunt capac itance • _ Instead} it is also pos.siblo to change the vol- 
tage distribution by increasing the series capacitance-. This can 
be done by connecting capacitors of suita.ble value*, If it were poss- 
ible to connect a largo nuraber of such capacitors, linear distribu- 
tion can be obtained • 1 more pi'actic^'l method of increasing the 

series capacitance is to interleave the v/inding. This is done both 
radially and axially, as shovm in' Pig. 7 . In this base the degree 

of improvement is a function of the extent to which it is considered 
advisable to distort the final distribution or to depart from the 
uniform steady state distribution. 

In interleaved winding the turns which are connected conse- 
cutively in series are physically not adjacent to each other. In 
the figure a typical VYinding is shown. Ihc turns are v/ound as a 
double conductor with the second set of turns conaected back in 
series Y/ith fhe first. In this waj the series capacitance may be 
increased more than IOO times* This may be done either for a paj?t of 
the winding or the v&ol-e v/inding. However, this also increases the 
normal poY^rcr frequency stress since a higher a.c. voltage appears 
across adjacent t-uirns . As in other aspects of design, the advantages 
gained in |;ransient perfomnancG have to be traded off against steady 
state performance* f 

Ihc transient voltage response of the winding is a function 
of the ratio. 

shunt c ap ac it ance 

so r io s c apa c i t anc e 

In the days ofearly development of tr'^nsf ormers disc v/indings were 
extensively used, VYhich were susceptible to impulse' failure .. In 
case of small 1o\y voltage transformers the shunt capacitance is 
relatively high making the response poor*. On iihe other hand due to 
larger clearances 'of the high voltage winding, v/ .r .t the- core and the 

low voltage v/inding, the shunt capacitance decreases*. Due to the 
increase in radial depth of larger capacity high voltage transformer 
the series capacitance increases. This gives an inherently improved, 
transient response * ^ 



The disadTaiitage of a disc v/iiidiiig is that impulse Toltage 
response is very poor and its calculation is also more difficult*. 

In* addition, the radial clearance between windings is q.uite large 
for high, voltage transformers* 

The voltage response shows that in the axi-'^l direction the 

first few turns take almost the whole voltage, for v/hich only inter- 
turn insulation is available to withstand it* To reduce this elect- 
rical stress it was thought necessary to provide thicker insulation 
in this region. However, the consequently increased spacing reduces 
series capacitance and there—by the tra]isiGnt voltage further incre- 
ase* A better solution whS to reduce' shunt capacitance by the use 

#• 

# 

of shield s » 

For this purpose radial shields alone are not very useful, g 
shown in Fig* 5(a)* Mdition of partial axial shields is very effe- 
ctive in pushing further the equipotential lines shown dotted in 
Fig* 5(ti)> and the voltage performance is very much improved* If 

full axial shields are provided in addition to radial shields, as 

* ^ * 

shown in S^ig**5(c)^ almost idqal voltage distribution can bo achieve 

0t 

In the case of a layer type, of winding the arrangemenj; of ti 
layers and equipotential lincS'are shown in Fig* 6(a) to (c)*' The 
voltage distributions are shown' in (d) and ’(e) aci'^oss each layer anc 
across the winding respectively* As can be seen from these the 

voltage distributions are better than for disc typo of windings* 
However, this voltage distribution is also far from ideal* The app' 
lication of shioldscan effect an improvement in it for layer type 
of windings also. In fig* 6 (a) an axial shield has been connected 
at the line end* The 'Corresponding .initial distribution of 
, electrostatic field is shovm in (b) • The voltage distribution acrof 
each Idyer* is shown 'in (c)* This is distinctly improved frorai the 
previous .case without a shield* The voltage distribution can be 
further improyed by connecting a shield at the earth end also as 
shewn in (e)* The equipotential lines in this case arc shown dottec 
in (f) and the voltage distribution is shoYi/n in (g) and (h) *• 
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Oonductora 

In ijiie case of Large curronf rafings of transf ormcrs if is 

necessary to take steps to reduce the stray load-losses. Por this 

purpose it is necessary to use continuously transposed raultiple strip 

conductors. Within the area of the core windov/ occupied by the 

windings, tho majority of the leakage flu::_is parallel, to tlio winding 

length. This results in stray eddy current losses in the conductor. 

2 4 

This loss is proportional to (a b ) where a is the total number of 

radial conduct or sin the winding and b is the radial depth of each 
conductor. Therefore reducing b has a substantial influence. Iii 
this case it is also- necessary to equalise the induced e.m.fs. in 
each strip so that the losses due to circulating currents can be mini- 
mised . This is achieved, by transposition. and each strand is insulated 
with a thin coating of enamel. The- arrangement of conductors has 
been shown in Pig. 8.^ ' . ' 

Blcctor-mcohanioal Porces 

Prom the point of view of system operation it is desirable 

to reduce transformer reactance. The lov7or limit for 500 to 75t) 

ratings is to to 12^. In such transformers very high current would 

result in cose of short cirouitc., The radial '-elcctromechaniGal 

2 

forces are proportional to I and these forces arc also getting cri- 
tical from the point of view of design. In order to solve this 
problem two approaches arc possibles 

1 • Pevclop materials which may be able tc withstands 
those forces. 

2. Develop windings to reduce those forces. 

Ill * 

In practice 'both the above methods have been pursued • 

Shell typo of construction is superior from this point of view, which 
gives higher axial stresses and lower radial stresses^ 
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testing of Tranaformers 

In tliG early days if the transformer under tost g^c a kink 
in the oscillograms of applied voltage y the transformer insulation 
was considered to he faulty* Sometimes the cover blew oify when 
it was considered to be definitely faulty* Hov/ever, there raay be 
a fault even if none of the above is observed* low it is recognised 
that 0 scillogramsof neutral current or voltages transferred to otli^^r 
windings arc good indicators* The latter are very sensitive to faults 
withiii the transformer, low one looks for any change in response from 
the predicted response within the first few micro-seconds.. 

In these lecture a few important factors in the case of large 
high voltage transformers have been discussed. It will be in order 
to summarise the developments which have contributed greatly t'^ the 

manufacture of these 

1* Understanding how flux flows in complicated cores* 

2. Understanding how leakage flux flows around windings. 

3. How forces are developed as a result of these lc£ikagc fluxes 
4r. Devolopmentsin v/inding design* 

Ihc achievement can be guaged from the fact that in mid l950s 
•the per active ton of ~a 120 ilVA unit was 1 *,5-* low it is r or 


more 
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OP Hy^n uIieb for rRAifsiEj'is 

liTTRODUCTIOH s 

The use of HVDC transmission as an alternative for long dis- 
tance bulk power transmission from remote thermal axid hydro plants 
as well as for interconnect ion of power systems is on increase* 

The plann ing j des ign and opers/cion of the HV1)G line requires a de- 
tailed study of tho steady state and transient behaviour of the DO 
link and the interaction hotwcon the AO and DO system. 

DB SCRIPT 10 OP DC LIBK 

The schematic diagram of DC transmission link is shciai in Pig.l 
This shows a" typical bipolar link xfith one 12 puls© converter unit 
per pole. Normally the two poles carry equal current and the ground 
current is zero. The major components of a HYDO link are describ'od 
below. 

1* Oonvortcr : Tho basic converter block is a three phase Graetz 
bridge shown in Pig. 2. The valves carry current only’ in one direc- 
tion and they are' macLo of thyristor elements in soris A valve 
can be turned ON into a conducting state by applying a gate, pulse, 
whenever tho voltage across the- valve is positive. The valve 
turns OPP at current zero. However a certain time (of the order 
of few hundred us must elapse before it can regain its forward 
blocking capf^jlity ' 2^^® avci-age DO volta-gc- across the converter, 

can be varied by changing the instant of the application of gate 

pulse in relation to tho sinusoidal voltage that appears across 

the valve before it starts conduct lig (called tho commutating 

voltage) . 

2. Converter Gfjntrol i The block diagram of a t.ypical converter . ■ 

control system is shown in Pig,3» This consists of current control- 
ler, extinction anglO' controller, the firing angle" controller.' 

The reff^reace of tho current controller is derived from the slow 
acting power and auxiliary controlleis . Normally, tho rsctif'icr 





station has current control suid the. inverter station has oxuinc~ 
t ion angle or voltage control* A snooth transition octwcrii the 
two is feasible* 

The ON-ioad tap changing control of the converter transformers 
allows' control of firing angle .at the rectifier and DC voltage at 
the inverter* However , this is slow control and can be neglected 

in the t rails iont period. 

Ihe firing (gate) pulse generation is based on the equidistant 
control scheme where eithc-r the frequency or the phase of the 
pulses is a function of the control volta,gc . 

' 3 * Go nve rt o r t r an s f o rmc- rs ; Ihrso are s ingle, phase or throe phase 
units ccniioctod in star or delta and supply the convertor bridges. 

4. DC line ; Is analogous to a two phase AC line with mutual 
coupling (both cloctrostat ic and olGctrom.3gnot ic) . ' 

. 3. AC Pilt-ors ; Tuned and high pass filters arc used at tho con-" 
vorter AC bus, to filter out 11th, 13th and higher 'order harmonic 

currents. 

> 

6_._ Smoothing Reactor ; Is used to smooth tho DC current and protect 
the valves against ovcrcurronts during DC line faults and commu- 
tation failure. 

7.f. Protection : Overcurrent and lixie fault protection schemes lead 

to blocking of the converters. Arresters are used to protect 
against overvoltages.' Present practice is to use gapless zinc 
oxiae arresters across each valve j and across the polo. 

i Tuned and high pass p-assive filters o.re used to 
filter DC harmonics. , . , 

AR_ Suppl ^ Y - 1 The YAR requiroments for tho converter station are 

\ 

met by a corobixiation of AC harmonic filters, switched capacitors, 
synchronous corrdehsors or static ?AR systems. 
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TPJJiSTSilTS IS DO SIB'IDM 
Tla'-°o ?,re‘ cauacd by 
i „ DC lino faults 

2o AG 1 inu- faults tliat can lead, to comiriut^t ion failure and 
shut down of DC link 
3<, load rejection 

4. Bn.'rgizat ion of converter -bransforiners, filt-^rs 

5, Blocking and deblocking 01 coxivorters 
6« Convertor faults such as misfire 

Some of the problems that can be ca.used by the trans ienbs are 
given below: 

1e Ihy line to gr-.und fault in one of the- polos can lead to a 

large transient ovorvclte^e on the healthy polo. The design cri- 
teria for the air clearances of a bipolar lino arc often dictated 
by this ovorvoltago • 

2« The transformer encrgiza.t ion (with blocked converters) can lead 
to long duration dynamic overvolt'^gcs caused by saturation and 
inrush currents. These are particularly predominant when the DO 
svstom is coiinGct'd to a lightljf damped AC system such as isolated 
gene rat ion. 

3. Self excitation can arise due to the intera,ction between AG 
fUtors and tho isolated gonrratcr when the converters arc blockod. 

4» AO faults and blocking of convertors (without hy passing) can 
lf‘ad to injection of f undamGnt.al and second harEionic AO voltages -in 
the DO line which is lightly damped. 

H ighest overvoltages ca,n occur iii the case of prolonged mis- 
fire at the invGrt*''r valv.'s. Large voltage and current oscillations 
on tho DC line- may cause current extinct ion at the invertor and 
SGvero ovorvoltago overshoot due to the rectif i-r-r continuing to 

food energy to the system. 
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M0D1IIIIT& OP DC SYSTEM 

Tlior© ar® "fewo appro ac 1 x 0 ® to oiEiultxtjon “ (l) us lag physicoj. or 
liybrici simulation using HYDC siniul'-’tor, (2) using digital simula~ 
tion.. In "wliat f'^llows tb© second approach is cxnsidO’rod. 

Coa-gorter Model ; The m--dc’ls clcpead on the degr-.o of dr tail ro- 
quired to simulate a pa,rticalar pheu'-'monoa . In tho order of in- 
creasing complexity, these can ho listed as fellows: 

1. Toltago source that is dofinud as a function of time. 

2. Controlled volte^ge source in series with a resistance. The 
raogiiitudc of the voltage source is dc-tormin'^-d by thr delay angle 
which in turn is determined by the control system. 

3» The valves are modelled as controlled switches. The switch is 

closed at the instant determined by the control system and opens 

at current zero. The gr-^ ding -/damping EC circuit across tho valve 

is represented for simulating high frequency behaviour of tho 

converter. 

4‘ Controller ; The knowledge of thvs transfer function of tho 
various blocks in the converter control system can bo used to 
simulate the controller response- to given inputs. 

5. Convertor Transformer : Apart from Ic^akagr- inductance 'and 
resistance of tho transformer windings an accurate representation 
of the magnet ization charact ?rist ic is essential. 

6. DC Line; Tho do line is either mo dell -d as a lumped para- 
meter line with a number of pi— sections or as a distributed piara— 
meter element. The two modes of prc>pagat ion — ground a.nd pole- to 
pole, have to be considered with different velocities and 
attenuations. 
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E liters nnd Reactors ; Thrsu «rc roprosouted as lump.-d oimv-nits 
with nonliii’'ar charact • rist ic if any. 

In addition, the surge arrestors can also bo mo dell od to 
dctermiris tbeir effect and energy absorpt iorii required. 

■ AG- System' ; In many pasc-s, for the analysis of traasionts ip the DC 
systom, a 'Simple representation of tho AC system -at oa,ch coiirorter 
station may be satisfactory. Iho short circuit lovol at tho con- 
tort er bus and the dp.nipiig in the systom represented by tho impe- 
dance anglfi at various harmonics are the important system charac- 
teristics that need to be considered. 



















KRP-6 


STA3?I0 YAR SYS'IBMS 


The dynamic Var compensation where there is fast control 
of reactive power in response to system conditions, has many 
uses. Some of these are listed below ; 


1) to iD\prove transient and steady-state stability of power 
S5re tenis 

2) for better voltage and reactive power control in the system 

3) dynaii^ic compensation of first changing industrial loads such 
as arc furnaces, rooling mills etc. 

4) to maintain voltage stability at HYDG converter terminals 
5.) Damping of loss froquency (0.5-2Hz) and subsynchroncus fre- 
quency (10-40 Hz) oscillations in power systems 

6) for control of overvoltages due to load 'reject ion etc. 


Switchable capacitors and reactors have too slow a 
response due to mochanical switchiiig, to be conside-red for 
dynamic compensation. Synchronous cendonsors have a continous 
control range -and are reasonably fast, but have limitation due 
to maintenance and stability problems. Use of thyristor devices 
for power control initially for industrial drives and later in 
HYDG trans-iission has passed the way for ,1ih? static var systems 
(SIS) with thyristor devices. They have a high speed response 
(1-2 cycles) and' sn capable of reliable perform=^nce. 

The functions of a SYS can be divided into three categories, 
e.) Yoltage Sunnort ; Where the vclt^^es at sowc specified points 
along a trrnomission line are regul,ated with SYS** For example 
consider a power station supplying a large system -‘bhra 'ugh a 
long transmission line, as shown ' in Fig.1 ^ 
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By providing 3?S at the midpoint of the transmission 
line to maintain the voltagS) the following advantagt-s 
accrue 

1) lacroaso id transient and str-ady—state stability limits of 
power transf'r 

2) Control of overvoltages caused hy load rejection 

3) Reduction of line • losses 

"b) Load Gomoensation ; Here the function of SYS is to compensato 

for th<^ variations in the load such that tho net current 
flowing over thf) line feediiig tb;i load is a specif i^-d (say unity) 
power factor and halanccd. This is required when the AO system 
is too weak to maintain the terminal voltage with load variations. 
Also -it is not economical or dssirfihle to supply th" reactive 
power demind over long lines. 

HYDO inverter stations, feeding AO .systems with low 
SCR at the converter bus can benefit from the voltage sta.bility 
provided by SYS. 

c) Bagining of 03clllatioi:i3 

By modulating the roactivo power supplied by SYS in res- 
ponse to a cvontr''! s ign.al such as bus f re quoncy^^ rotor velocity etc 
it is possiblo to < damp oscillations in the system. Use of a ‘I" 

properly controlled thyristor controlled reactor at the genoretor 
a. . , . , dufc- 

termin.als to damp ^synchronous frequency oscillationvS has b'^en 
suggested and implemented. 

Static Yar Systems : 

These 'can have different operating principles and confi- 
gurations} listed below 

1) SYS with continuous, active control 

a) Direct current oonfcroll'--d reacto 35 (DC,CR)..„. . 

. ' ! ' ' 

b) Thyristor controlled reactor CT’.9R^ 

c) Force commutatod invertor (PCI) ' 
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2) SVS, wii/li (ixsconij iniious s.c'fci'VG coAl/rol 'feliyrl.s'boi' swiijclisd. 
capacitor (!I?SO) 

5) SYS -with combination of TSC apd TOR 
4) SYS with itiherc-at control 

Self saturated reactor with slope correcting Gapacitor ( S AT? ) 

For power system applicat j''a.s, IGR with fizod capacitor 
or a combination of TSC with TCR is gc-nr-r<>lly used. The basic 
coaf igurat ions arc shown in Fig. 2. 

Usually a SYS transformer is used to match the device 
voltage ratings to the line volfcoge. In such a case, for TCR with 
FC a sp'-'Clally designed reactor trensf emv-r can be used to 
eliminate separate reactor. To avoid the injection of triplen 
harmonics in the system, the 'reactors -arpr usually connect;! in 
delta. Other harmonics can he eliminated by suitable filters. 

The fisced cap.acitor also serves as a filter. The filtering 
roduiroments can be reduced with 12 pulse operation. In this ' 
case a SYS transformer with two secondaries, one connected in 
star and the other in delta are used. 

'The adva.ntagcs of TSC/TCR configuration a,re ( i) low 
losses in the inducti'^n region ( ii) roductinn in the size of -the 
reactor (idi) low harmonic currents. But the layout is more 
complex and the thyristor valve costs are increased. 

Stooxly State SYS' Characteristics : 

The control charo.cterisbics (for steady state operatjon) 
are shown in Fig3. The control range of SYS is CD. The operating 
point is 'A* given hy the intersection of the- network and control 
characteristic. The control s ignal is obtained from the termiiial 
voltage. However a positive slope (3“10%) is given over the 
control rojige to help in stabliziag the control system when 
SYS operates with large network impedances (with low short 
circuit level at the SYS hus) ♦ 
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The operating point can shift over a wide range with 
changes in the system operating conuitiens. In order to 
maintain a reserve for emergency conditions it is desirahle to 
suporiapose a constant rcactitc pov/or control with slow res- 
ponse. 


Steady State Analysis : 

The an '^lys is is .ap-olicable to o. TCR. With the yaitago and 
current waveforms for one phase, iii steady state, are ahoivn in 
P ig . 4 . 

■ The current i(t) over o. half cycle is defined by 


.(t) = ^ ( 

- O 


cos a - cos wt) , a < wt < a 


( 1 ) 


; a+Cr<¥t<a-i-7i; 

where a is the firing angle, ( 7 “ is the canduction angle, 3^ 

is the reactance of the reactor. 


The fundnrnea tal component of the current I, is given 
given by ' . 


T 


1 


( <r- slgcr-) 

* X, 


(2) 


^1 ( 0^ ) V ' 1 ‘ ( 3 ) 

where BCcr*) = ' ' / is tho offoctivc suscopta,nco of 

the controlled reactor.^ Also. 


Cr = 2 (tx - a) ( 4 ) 

' I « 

The Fournier .analysis givOs the harmonic component as 


T _ 1 I r sin(n+1 )a . sin{n-1')a . 

-^n - 71 .'2(1^ “■ 

‘ a=5,5,T 


cosn-a.‘t . 


sin na 
n 


3 
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SYS Control 

Th.o SVS ooii1;rol S'ferucliu.r© is shot^ii iii Pig.5» Ttic-* noijwork 
voltage aad the compensator current are both moo,sar‘=d and the t^^^ 
values used as a. basis for the voltagf control with current drop* 

Ihe correction of tnr nr twork voltage ftir obtahiirig this droop' ■ 
is roaliz-^'d here on the AO side. The network v.-ltag*-^, after 
corrocting for the droop is then roctified. On both 'AG and DC 
sides of tho rectifier, filters are included, fho filters on th 
AC sine rfduc3 the overvoltages arising in a caisoQu^nco of low 
frequency (<150Hz) ros-mances in the system. They must be 
matched to the prevailing system conditions. Ihe filtorion the 
DC side serve to filtfr the ripple in tho rectifier output or 
the harmonics introduced by assTT.netry in the nctx'rork voltage, 
flic frequenci''s to be consiner-d are pf-T, 2f„ and f.,, whore f,. 
is tho notainal frequency and p is the. pulse number of the rectifier, 
■ffhe output voltage of th*:^ rectifier, after filt’^ring, is propor- 
tional ta the average value of the AC voltage, cirrectod for tho 
droop. 

fhe* regulator used is a proportional ' integral (PI) con- 
trollf'r and (if nc'oossary) is equipped with a device which the 
gain specially when the AC systeai is weak. By limiting the 
output of the controller, it is possiblo to include other reqy.- 
lation and control d'vic s such as for example current limiters 
and .control equipment to allow the system to run up smootliy. 

A manual control systeai permits f-ho SYS to be controlled manually 
during commissioning and for ma in t mpn cc , or when extraordinary 
network states arise. Both voltage controller and manual control 
dictate tha compensator susceptrnce Bgys* control logic 

realizes this by means of a combina,tion of capacitor stops 
and appropriate cont.rol of the fCR. A linearizing function is 
also provided to make the regulator • output proportional to the 
susceptancG required. This ensures that the response of the 
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Yol'bagc conijrollsr lias Ijlic sa’T’p' spf'^d over th.f. oriuirv control 
range . 

It is possible to supplement a voltage regulator by a 
var regulator* ■ This c^p.be coordinated with otlMer switchablo 
s hun t c ap ac ito rs /re ac to rs . 

During a transient subsequent to an unsymmotrical or 
aymraotrical faulty it is necessary to block the control action, 
otherwise overvoltage problem can worsen^ This is bocaus' tho 
natural control action of SYS is to switch on capacitors or 
reduce the ixiductive current when it sees a reduction in voltage. 
However this action is detr.imontal to tho control of ovorV'-il tagog 
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IMDEODUGSIOH 


HvDC simulators are ’ffidoly used to study the d^raamic 
performance of HVDO systems, althoi;igh hybrid j^8j and digital 
simulation [1-^ techniques have also been used. While a HVDC 
simulator is a versatile tool for simulating the dynamic perfor- 
mance under various conditions ranging from fundamental to 
high frequency, it is costly and less flexible compared to 
digital simulation. Ihus the digital simulation can be used, 
to supplement the HVIC simulator, 

The mao or problem in the digital simulation is the 
convertor representation because of the commez^oment and 
cessation of valvo conduction, fhe convertor topology varies 
with time. One way of handling this is to make the topology 
invariant by modelling the valve as a time varying impedance. 

But this leads to the system equations that require uneconomi- 
cally small integration stop size for their numerical solution. 
The varying topology of the convertor has boon considered using 
two methods. In the first method 5 , 6]| , also called the 
method of subroutines, tho sot of equations for all possible 

. v, . 

configurations of conducting valves are formulated so that a 
particular sot of equation is chosen at any given "feiiae. Ihis 



siG'fehod is suitciblo if only normal modes of convoi'tor opoi'ntion 

are considerod. In tho second method Q transiormation 

technique due to IIron[,1oj is usod whcro tho state equations 
corresponding to each state of the converter are generated 

using a transformation r.atrix* 

In this report a novel convertor representation based on 
graph theoretic analysis is introduced* Iho approach is 

conceptually simpler and leads to efficient formulation of 

the convertor equations corresponding to all possible modes, 

There are in total 50 possible modes corresponding to 2,3 and 4 
valvo conduction. Hovirevor,- only 39 modes are of interest if tl.o 
DC link current is assumed continuous. Those can be handled 
using three simple cutset matrices which arc easily generated. 

The topological analysis loads not only to tho system stfitc 
equations but also to tho expression of dependent variables 
such as valve voltages* 

A multiterminal BTDG system consists of i) tho 1C system 
feeding the convertors, ii) convertors with their associated 
controls and iii) the DC network consisting of transiaissivii 
linos* The approach employed here is to model each coraponont 
separately and in a modular fashion. Those models riro intor— 
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coniiccijod using appropriate interface Yariablos. 2 he dynamics 
of the conTOitor controls arc ropresonted in detail# Both 
individual phase control and equidistant* pulse control have 
boon considered 8 

Hio results of tho various test simulations utidor s*tondy 
state and transient conditions for sample HVDC systems are 

presented to illustrate tho capability of tho computer program 
deyc loped. 

oom'E.mm ebpreseitation 

A three phase bridge converter system is'shovm in Big .1 . 
This includes tho Icalcage impedances of converter transformer 
and the do smoothing reactor The effect of 

the ac system on tho converter is represented by the source 
voltages (0-1,02,03). TBc do network is also roprosenteit as a 

voltage source (V^) at tho convertor terminals. It is to be 
noted that both tho ac and tho dc voltage sources are not 

constant and arc actually dctormiiicd as output (dependent) 
variables from tho ac network and dc notv/ork models respectively* 

The effects of the converter 011 the ac and dc networks are 
represented by the injection of currents into the rospocuive 


networks 
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Pig .2 shows tho graph of convorter system. Slemcnts 1 
to 6 represort the va'iTos. hlcmcnts 7 9 correspond to the 

equivalent circuit representation j" I0j oi the oc systoia feeding 
the converter. She clemont 8 includes the series coiahination 
of and In deriving the- graph of Pig .2, the grading 

and damping circuits across the valves are ignored. 


Pig .2 is the simplest graph representation of the converter 
system* Ihore are 9 elements and 5 nodes. Correspondingly 
there are 4 tree branches and 5 links. Por reasons that would 
be soon clear, tho tree is chosen such that it includes elements 
7,8,9 and one of tho conducting vfilvGS (clemont S, whore S can 
be valve 1 to 6)* Ihc constituent equations of clemont 7,8 
and 9 arc given by 


where 

R = 

and 


Xbi ° 


Z = R + 63 Ii p 



( 1 ) 



6 


= ''‘>7 ^8 ^93 
isl " ^^7 ^ ^3 


tp 


m 


? Y is Glomcnt voltage 
5 i is olemont current 


T donotos tlio transpose, id; = 2lf where f is the ac system 
frequcncyj p = d/da)t. 


Bor olomonts 1 to 6 following equations are applicahle 
V,, = 0 kC K s set of conducting valves (2) 

ip =0 pt L 2 S set of nonconducting valves 

Ihis assumes the valves to bo ideal switches with zero forward 
impedance and infinite reverse impodcanco. -he tree and ootreo 
of the graph for S = 1 are shoYm in Big .3. 

Bor any notv/ork, branch and linlc variables are related by 

(5} 

5n. = 

Vfhorc subscripts B rnd B rofor to branches and links rospoctivelj 
and matrix is the component of the fundamental cutset mntri:!:. 
This matrix for Big»3» alongvYitii the matrices Corresponding to 
various trees used in the analysis, is given in Appendix 1, 

The tree branches are partitioned into two sots, one sot B^ 
(consisting of elements 7,8 and 9) and other Bg (consisting of 

valve 3). Similarly the links can be partitioned into two 

to conducting valves) and I 12 ^ 


is “ ^ 


sets, B-^ (corresponding 
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(corresponding tu none on’’ act jng val-Trs). 'Thuo mr’.trix: 
can be partitioned na 


I VI = 




};2 _ 


%ii 

^112 

B 2 

1 

%21 

; ^122 


Broa (2), the following relations arc evident 

111 = il2 ^ 

Substituting this in (1)j (3)' and (4), the following 


equations are obtained 

rp 


^ iol I 


2l2 


-(B 


L1'2 ^ in + C 


^112 


iBl' %11 ili1 

Equation (5) can bo arrangod in tho forn 


^ -i 

37T¥ in 


— 1 . — 1 T 

iol-j' R-j jg^-j + UO 1^ -j 0 


whore 


R. 


■t 


3^ 

^L' 

.1 


j-j = Bj^^^ Ii Ej.^^ 




(5) 

( 6 ) 

(7) 

( 8 ) 


Equation (s) describes the dynamics of tho converter. Erom 
the knoT/lcdge of tho voltage vector _Cj (8) can be nunc I'ic ally 
integrated to solve for the st^’to variables. The voltage 
across the nonconducting valves is given by (6). 2!ho do and 
ac currents arc given by (7) . 
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disoussioh 

BquTfcions (6) to (8) aro formed at eacli tine the state 

of converter clir.iigos# i-no change in the status of valves in the 

linlc can ho considered h^' rearranging the coluims of natrijc 
The matrijc has to ho changed as the conducting valve S 

ceases to conduct® Although there arc 5 possihlo matrices for 

the 6 valves, it is adequate to use only three such matrices 

corresponding to a valve group (1,3,5 or 2,4,6). !Shis is under 

the assumption that at least one valve is conducting in each valve 

group. 2^hc ohsorvation of matrices and B^ reveal that 

two ro7/s aro invariant. 

The proceduro outlined above can ho compared to the method 
doocrihod in Ij »7l which are similar in objective. iPho method 
given hero is simpler both concoptually and computationally. 

Also the valvo char act or is tic can bo assumed to bo different 

than that of an ideal switch, The constituent equation in this 
ease would be different than in (2). To give an illustration, 
the impedance of tho valve during nonconducting period can be 
assumed to be finite (determined by the grading and damping 
circuit). Inclusion of this characteristic can be easily 
aocomplioliQd. In contrast, the rofcrcnces fj ,?! inpiicitly 
assume the valve impedance to bo infinite during nonconducting 
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pcriocl* The nuxibor of stntc ciiUsOtionG per coiivorfcor Tary 
depending on tho numb.cr conducting yhIvos (IT) oiid is 
give 11 by (¥- 1 ) . 

COI'TVEBfdR CObTBOI T'JDPPjJSETfn .gijop 
Each converter in n BVDG syston is equipped with n 
controlior that determines the instant of firing of ench valve, 
Tho firing pulses are, goiieraijcd^ from a control signal which is 

the output .of the current or extinction angle cuntrc-llcrs, 

Hormelly current cuntrol is used at the rectifier nncl conctent 
extinction angle (GEA) at the inverter. Basicrdly there ft'ro 

two firing control schemes: 

i) Individual phase control (IPC), where the firing pulse for 
each valve is determined with rospeot to its own coramu**- 

. ration voltage. 

ii) -- Equid-istant pulse control (EPC), whore the ca^ntrollcr 

gi.;neratcs pulses at equal intervals in steady state j wbich 

is redativoly independent of the distortions in the AC 
voltage. 

Firing Control Scheme with IPO 

fho rectifier control signal obtained as the output 
of first order purrent controller is , * 

■‘e'" 

•^cr - 


■^^refr ~ ^dr^ 
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cc 


TiiG ijiYertcr control signal is ubtained aj 

®ol = '/■'a TTh,! - 2X^1 lii - 

yiTiiere „ 

"'^CG " T+^I^^p ^^refi ~ ^di) 

The suDScripis r and i C'-onuie roctifior and inveiijcr quant it ios 
respectively* K is oho controller ga.inj T is tlic ccntrc'ller 
tine constant, is tlic reference current, is the lino 

current, Y-pj^ is the rns value of line to line ac volta.gG, ^ 
is the extinction magle of tho invertor and X„ is the conmu- 

w 

tatiiig rooctanco. The firing pulse generator for a particular 
valve j conparos the control signal with a signal correspond- 
ing to the coiunutation voltage of tho valve advanced by 90^ • 

A pulse is initiated at the instant when tho following condition 


is satisfied. 


and 


E „ . 'd; E„ . for invei'ter teminal 
f;] Cl 


fur roctifier teminal 

i. J C^X 


Tho ininimuia delay angle operation of rectifier is ■. 

ensured by restricting the control signal froa falling 
bplow . coso< ^^^.^ . In case of inverter, signal 7^^ is 

clamped to zero while going negative to ensure the firing angle 

variation between 'TT/2 and (ir- V^). ■ 
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Firing Control Schono v/ith EPG 

All e quid ist cut pulse liring scliorao v/itli ^-ulso frequency 
contrcl has been suggosiou io cvsrc Ltao- i/iio prchlCLi of lic*rjQonic 


instability y/hich is iniiorent- ffith -Id i. 9 j • 


fiiis necessitates 


feedback control of not only the eiu'ront but 


also tlio extinction 


angle. In the present context of shaulatiien, only roctifior 
tcrninal is considered to bo equipped y/ith this type of control. 
Fig .4 shuy/s a simplified block diagram of the controller froii-^ ■ 
which the state equations can bo v/ritton down. 


A constant slope ramp function is generated starting from 
zero at each firing Instant* This ramp functiop. ic C'mipnrod to 
the sum of the control signal (U^) and the bias voltage propor- 
tional to T/6j and a pulse is initiated at each instant of 
equality. When = 0, the firing pulses are generated at 

every 60° corresponding to steady state operation. The firing 
in the rectifier mode is prevented until the commutation voltage 

has reached a defined minimum positive value. This onsux*cs the 
minimum delay angle operation of rectifier. The details of 

this firing, pulse generation scheme arc described in rcforonccplj. 
EB'PKSSEJTT,ATI01I OF DO AilD AC HgTlOBK 

The FO network consists of transmission line v/hicli can be 
ropro^ontod by a TT circuit. The DO current of each convert erj 
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which is ohtninod iii terns of the state Y'.i'iablcs, is ingcetcc 

into the DC network nt converter tcminpls. State equations 
for the dc network con be easily v^ritten d'.'v/n and arc tine 
invariant. The voltage in Pig.l is directly obtained as 
a capacitor voltage which is chosen r.s a state variable in 
the dc network equations. 


The AG system can also bo similarly modelled and the 
state equations arc time invariant. The curronbs and ig 

(refer T'ig.l) arc treated as current sources in the derivation 
of AG network equations. 

GOiiPDTEE PKOGEAII 

Based on the procedures outlined in the previous sections, 
a computer programi has been developed to simulate n controlled 
multitcrrainr.l IfVDG system containing upto iQ monopolar tcrmincils. 
The structure of the program is modular ?/ith each subsystem or 
control function describee' in individual subroutine. At a 

particular instant of tine the states of nil the convertci’s arc 
defined and the equations are formulated using the convertor 
model described earlier. The converter state changes due to 


1) cessation of conduction in a valve or 2) firing of a valve. 
The converter state is chocked at the beginning of each integ— 

ration time step. If noccssaxy, the exact instant of ccssatin 
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of conduction in st valve is dGieriDined by liiicui? intenpolntion 
using tlie vslve cui'i'snt measuneiiient « i-ne pnosenoe oi f iniiij^ 
nulses is detcrmjned from the controller , subroutine and the v^lve 


is nut into the conducting 531-iuS ui it is lon/ui'd biasea and tno 
voltage exceeds the defined minimuin limit* 

Some of the salient feotL'Xos of. the program aro given 


belovv : 

1 ) In it i al c ond it ions : 

The simulation can proceed from a) zero initial oonditior 
or b) initial conditions established from tho steady state oper- 
ating point. In the former case tho system is started by putting 

all the converters under staiiing control. Hero the firing 
angles are initially set at 90 ^ and arc changed linearly until 

tho curronfc builds up. For the second case tho required steady 
state operating conditions are obtained from AO/DG load flov/ 
calculations O2I . 

2 ) 0 onvert or G ontrol ; 

It present there aro three choices of tho converter 
control as listed below; 

a) Constant cjC control 

b) Individual phase control 

c) Equidistant pulse control 


Because of tho modular structure of tho program other control 
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strat-Cj:;iGS can also be incorporated, if nGCoBsar7. 

5 ) DO network equations arc foruKid directly fron the knovfledge 
of line data and line to bus incidence matrix. 

At present modified Baloi-^s integration method is 
used for solving the state equations although trapcsoidal or 

other methods can be used. 

lESi snrjMiiois 

The capability of the program developed is illustrated 
by simulating a 2 terminal and a 3 terminal HVDO system j 8_2 * 

The schematic diagrams of those systems arc sho/m in Ei^. 5 
and 6 » 2 ! ho details of the system parameters arc given in 

Appendix 2. Various test simulations arc carried out to inves- 
tigate the system response both in steady state and transient 
conditions following a disturbance. 

Dig. 7 shows the steady state v/avoforms for n two 
terminal system with the operating condition 3 as given in 

Appendix 2. Individual phase control is assumed hero. This 
establishes the terminal 1 (rectifier) operating on constant 

current control and terminal 2 (Uivortcr) operating on CEA control. 

The transient system response of a 2 terminal ^stom 
with individual phase control is investigated with the fclloTfing 


disturbances: 
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A. Change in current reference eotting (with uperating 
condition A) 

1) at both the terminal Cy from = 0«65 p*u., “ ^*55 

p.u. to = "i *0 ?.u and P»u* 


2 ) 


at both the terminals y from I 

X O J i 


0*40 P»u»j( 1.^,,,, 


f2^ 


= 0 . 


p.u. to IpQpi='!*0 P*u and ~ 

3) at the rectifier terminal alone, from i^^j,^=0-65 p.u. to 

^ref1 " P»u., thus increasing the current margin. 

4) as in case 1 with source reactance at both the terminals 
increased by 2.5 times and the smoothing reactance doubled.. 


30 percent dip in AC system voltage in one phase ior 5 cycles 


(?/ith operating condition B) , 


1 ) at the irvertcr terminal 

2) at the roetifier toruinal 

Iho system’ performance for the above cases arc shov/r. in Big.8 


.to -13 rospootively. 

Bor a three torminar system, the following disturbances 
are considered; 

0. Change in current roforonce setting 

at all the three terminals, from -^5 p.u., In>of 2 = 0»57 

p.u. and I^q^5=o. 46 p.u. to p.u., Vjf 2 = 2'-72 p.u. 

^rcf3 = P-^- 


1 ) 
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D. 


1 ) 

2 ) 

3) 


30 pore Cut dip iii AO system voltage in. one 
for 5 cycles 

at coiivortor 1 

at convertor 2 

at convertor 3 


pnaso persisting 


Figs. 14 to 17 refer to the above eases respectively. A ll the 
above figures (3-1 7) show the v.ariation of average isO current 

and voltage over 50 cycles of simulation. The disturbance is 
initiated .at the beginning of the 20th cycle. All the above 

cases assuino individual phase control for the converters. 


hisQuosion of Results 

fhe results domonstrote the operation of the- convorfeor 
control under both steady state and transient conditions. As the 
objective of this study is noinly to illustrate the program 

capability, the optimization of controller parameters was not 
attempted. Fig. 7 shuv/s the predominant 6th harmonic ripple in 

the lino current . fhis probably is due to the fact that the 
control signal from the lino current Tfas not filtered. 

fhc following observations are made from the results 


obtained. 


17 




OiiRngc in. Ourroiifc Ecforonco 


The 


rosponsGO for bcih tro tGrTij.m'a and tlrccc torjuinal 


eases shov/ that the current controller at o 
into action as a step change in the current 


eh teniirrl cones 
reference is applied 


simultaneously. The current settles dovm to the new value in a 
reasonably short time. Increase in the magnitude of tlic stop 

change hr the current roforonce leads to increase in the 
magnitude of do voltage oscillations and incroased settling 
time. Observation of ease A. 3 (refer Eig.lo) shows tluit the 
current control is acting only at the rectifier end as expected, 
however, this leads to large oscillations in the current and 
voltage. This implies that the introduction oj’ time delay in 

transmitting the current order to the inverter tonain';! loads 
to deterioration of the porformanco. 'Perhaps this can be 

, improved vfith an optiraized controller design. 


It was observed that ',;lien the SvUi'ce rca.otaneo was 
increased, the system malfuncticnod . This problem was ovexmayo 

by doubling the value of smoothing reactaiiee. This shows that 

the converter design is critically dependent on the system 
parameters. 

Eesponse following Disturbance in AO Yultago 

Witn the dip in rectifier side ac voltage, the current 
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control siixj-ts ’cu tlic iiivortcr end the rectifier operates 
with ninimuia delay raiglco The To.rirtim of firing conglcs 

ill the first cycle fcll'-^v/lng the distTE?bancc is shovm in. Pig.l3, 

I? or the tnrec tcrm-iiel cyston it is observed that the 
dip ill the voltage at the terminal with 031 control is the 

most severe disturbance. Similar observations car bo made 

for the two tcrninal system. 


The equidistant .pulse contr.;l has also been tested 
for the two terminal system. Pig. 18 shows the respond of tno 
system when subjected to a stop chnigo in the reference current 
magnitude similar to the case It A* fho rectifier tcrninal was 
equipped v/ith equidistant pulse control and invertor tcrninal 
had individual phase cc'iitrol. The response shoviai in Pig«.l8 is 
similar to that shown in Pig»11 omeept for the fcoct that the 
oscillations in current and voltage arc reduced in this case. 


In all the tost simulations presented here, the ac 
system vwas assumed to bo represent od by a voltage source. 

The detailed reprooentation of the I:G system including harmonic 
filters is feasible by augmenting the computer program. The 

detailed investigation of the equidistant pulse control will 

be undertaken alongTivith the detailed model of the AG system. 
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GOlTCIU'SICiTS 


A ncjvcl converter r.-.prc3ont .->,ticn b.-’set on the sraph 


theoretic analysis is dcscriboi* Tiu; coLiputor proj^r^’n is 


clcvolcpod for l^ninnic siirolr.tien of riultitcrninrl Tr/DO cystons 
utilising the convertor noclcl. fho program .".Igo includes the 
re pro sent at ion of converter centrals using incli riclov.l phase 
control and equidistant pulse ocnitrol, and can bo used in 
studying the performance of the controller under various oyston 
operating conditions, Ecsults of various test siiiulctions for a 2 

terminal and 3 torninal sample syctems are presented. Apart 
from illustrating the capability of tho program, l;hc results 

indicate tho need for the optimal design of controllers, which 
is critically dependent on the system parameters. 
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i\P?31g)IX 1 
Cm'SET HiVTaiGES 


The six cutset hetriccs b£ ? each corrosponding to 
the ralvc considered in the ti-ecy ci’c given bolow. The 
superscript j denotes the valve nu-ibor S. 







3 

5 

4 

6 

2 

7 

0 

1 

0 

0 

-1 

8 

0 

0 



-1 

9 



0 

1 

1 

1 

1 

1 

-.1 

-1 


J 

% 

5 

4 

6 

2 

7 

0 

1 

0 

0 

~1 

8 

0 

0 

-1 

-1 

-1 

9 

1 

0 

-1 

0 

0 

3 

1 

1 

-1 

-1 

-1 

1 

1 

3 

4 , 

6 .., 

2 _ 

7 


-1 

1 

1 

0 

8 

0 

0 

-1 

-1 

-1 

9 

1 

G 


e 

0 

5 

1 

1 

-1 

-.1 

-1 


1 1 

3 

5 

6 

2 

7 

0 

0 

1 

0 

-1 

8 


-r 

'-1 

0 

0 

9 

0 

-1 


1 

1 

4 

-1 

. 


-1 

1 

1 


21 




1 

^ ^ 


5, 




7 

0 

“ 

0 

■' 1 ' 

" 6 

.-h 

lb|i = 

8 


-1 

-1 

0 

0 


9 

1 

0 

0 

-1 

0 


6 


-1 

-1 

1 

1 


I 

■ 1 

3 

_. 5 „ 

^ 

6 


7 1 

*-»1 

-1 

0 

1 

1 

= 

1 

8 | 

-1 --1 

..1 

0 

0 



1 

0 

0 


0 


2 i 



<-1 

1 

1 


iiPPEi'JDn; 2 
SYSTEM Pa'iILillETERS 

Two Tornine.1 Systcn 

The two tcrrainr.1 syotorij Eig,5f is sjTit ho sized from 
the throe tcrninal system of reference Lsl hy neglecting the 
tcriainal 3 of Fig *6. Systeri pernnetors used in this study 

■A 

nrc chosen on the basis of rcfcronco [ q ] . 

Conmutating rcactJmcc; 

^c1 “ ^c2 ~ 0.055 p.u. 

Smoothing reactor; 

Sesiftance = 0.003 p.u. 

ai = \2 = 


Inductance E 


0*3 p #u 
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TranaEiiosion IIhg: 

RcsistaiicG r 
Inductance 1 
Capaeitanco c 
Length 


= 0«0508-r^/nilG 

= 0*00524 H /nll n 
= 0 * 009 1 S’/ nilc 
= 800 rxLics 


Controllers: 

a) Individual phase control 
K-j = ICg = I9 p.u. 

Iq-] = seconds 

b) Equidistant pulse control 


= 1.0 p.u. 

1^/12 = 2j ^2 = 0.005 seconds 


Operating conriition: 

A. Linc—to— line AC peak voltage 


E-j = 1,15 p.u., B2 = 0.95 P*u. 

= 15.46°, 0 0 = 5° 

I^^ ~ ^cl2 ~ 0.6 p .u. 

B. Lino-to**line AC peak voltage 


El = 


A- 


‘■dl 


1 .0 p»u., 

15.46°, 
1^2 = 0*6 



= 0.95 p.u. 
= ■>5°,^ni^ 


p .U. 




Converter 1 (rectifier) operates on constant ciirrcnt control 
and converter 2 (inverter) on GEA control. 


Throe Terninal System (Eig.6) 


X 


cl 


Gomutating reactance ; 



0.055 p.u 
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-Sjnoothiiig reactor! 

Sesiatanoe R^-j = “ %3 ” 0.006 p.u. 

Inductance = Ii^_2 %'3 =0.6 p.u. 

Transmission line 


Resistance r^ 
Inductance 1^ 
Oapacitance c^ 
length d^ 


= r 2 = 21*2 = 0.0508 ri/iaile 
= 12=13 = 0 .00324 I^raile 
= 02= G3=0.009^/^ymile 
= 500 miles j 

= 300 miles, d^ = 100 miles 


Controllers; 

Indiridual phase control 


i£-| = K 2 = K 3 = I 9 p.u. 
’^o 1 =^c 2 =’^o 3 =°-^ ■sooo.'ds 


Operating condition; 


Line-to~line iiC peak voltage . - 

Jj^ = 1 .1 p.'^.j ■^^2 ^ = 0*9 p.'u.’ ‘ 

p.u.) Ij^ 2 = 0.66 p.u* 

' i^^=0'*44 p.u.' ' ■ 

Converter 1 (rectifier) and Converter 3 ' (iiivcrtGr) operate on 
constant current control* Converter 2 (inverter) operates on 


CEA control 
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Protective Relaying 
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■ ^ • Helays General I n formation 

Introduction: 

The importance .of relays for apparatus and system (including 
transmission line) protection are well knowi. They work as sjCLent*- 
sentinels guarding the system against abnormal operation. The pur- 
pose of relaying can fe stated in the folloy\ring maimer: 

1 • By providing fast clearing of fault, damage to the apparatus is 
reduced • 

2. Any subsequent hazards like fire, loss of life are reduced. 

3 . By removing the particular faulted section, the continuity .of 
supply is maintained through the remaining healthy section. 

4. By clearing the fault fast, fault arising .time is reduced and 
therefore the system can be brought back to the normal state 
sooner • 

5. Since the fault stays on the system for a very short period, by 

‘ high speed relaying, the transient “stability limit of the system 
is very much improved • Eig.1 shows the improvement in staoility ~ 
limit as a function of fault clearing time. 

To achieve all these objectives the relays must satisfy the follo- 
wing requirements*. 

1 • Since the faults on a well designed power system are normally rare, 
the relays are called in for operation once in a way. Phis means 
that the relaying system is normally idle and must reliably 
operate when faults occur. Thus the relay must be reliable; 

2. Since the reliability partly depends on the maintenance, the 

relays must be easily maintainable. 

3. There are two ways by which the relays mal-operates . One is the 
failure to operate in case of faults and the second one is relay 
operation where there is no fault.' Relay must be immune from 

both* 

4. Relay must be sensitive enough to distinguish between normal 
and faulty operation of the system* 
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I'ypc of Belays t 

•A number of relays arc used for power sy'-lom proGoebion* 

S omG '‘of ■' ^liGni ar© primary relays meaning "thaf fhey ax’© 10.0 firsG line 
of defence* Those relays sense fiiG faulf and send a srgiial fo fiiQ 
proper breaker to trip and clear the faulted lins • The fault may 
not be cleared if the breaker fails to open or t]ie relay ma~opcrc. tes . 
The breaker failures arc for two reasons* Pailui'o of the; supply to 
the tripping coils or a stuck mechnical lover* In this ease, i> second 
line of defence to the power system is provided by the back up relays* 
These' relays have a longer opcratixig timo even though they souse the 
fault along Y/ith the primary relays. Relay operating time is defi- 
ned as the time interval between the sensing of fault and sondixig 
signal to the proper breaker for opciimg . up rol.'ys axx arraa- 

god in tv/o ways. They arc located at the s.-nne pi.. cc os the primary 
relays (local back up) and opera be the same breakors. Or they are 
located at the another station and open a different broakcr* In the 
latter case the reliability is more but a longer section of the 
system is disconnected due to the operation of the baclh up relays. 
Fig* 2 shows tho location of the prim'^try and b.ack up relays. Here 
the remote back up is provided by multistcp prira<-'ry rela-ys and local 

back-up by a non-directional over current relay with delayed opera- 
tion* - “ 


The likelihood of failure 

folloY/s ! * ■ 

of protection equipment 

Relays 

43 percent 

Circuit breakers 

26 p ere Gilt 

Supply of wiring 

18 percent 

Instrument transf ox’mers 

10 percent 

Misc • 

, 3 percent ■ - 


The relay failure is due to. : 

« 

1 • Contacts 

2, Open circuit in relay coils 
3* Wrong sotting 
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Some times the local back up rolaysoperate the breakers 
behind the bus, This is called the breaker _back up. .local back up 
protection has the draw back that they use the same d .c , supply for . 
breaker tripping • 

I'ollowing are the common types of relays used for apparatus 
and line protection. 

1 . Over current relays 

2. Directional relays 

3. Under voltage relays 

4 • Drc quency relays 

5 • Distance relays 

6 • Thermal relays 

7. Phase -sequence relays 

8, Differential relays » 

All- the existing relaying schemes use either one or more of 
.these relays with slight modifications,. 

Pig, 3 shOY/s the basic connections of a relay. There are tv/o 

ways' in which the circuit breaker trip coil is onergig^d. One method 
uses the station battery to supply the current after the relay cont- 
acts close . This is shown in Pig • 3 • In the other method as soon as 
the relay operates the O.T, secondary current flows throu^ the trip 
coil and energise it. This does not require a station battery and is 
used for protection of feeders. 

Pig .4 shovfs the zones of protection usually defined for a - 
power system. The relays in each zone are supposed to operate -fault 
v/ithia that zone. This is called the unit type of protection. In 
this scheme the relays do not provide back up for the other zone 
relays. So internal back up is necessary for each zone. This is 
usually provided by non-dircctional high set time delayed over curr- 
ent relays. The zones over lap to avoid any blind zones,. The over- 
all system protection is divided into 

"a) G-cnerator protection 

b) Transformer protection 

c) Bus protection 

d) Transmission line protection • 

e) Peoder protection 
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1 .2 Eelay ''Tea 


Eick up ^ Min. vaiuc of op crcting quantity for which the 
- relay operates* 

Drop out*** Min*' vaiuO of operating quantity for which the 


Sensitivity 


Selectivity 


Ec liability 
Eoach 


Over reach 


Under reach 
Set impedance 
Eault impedance 
Ins t ant ane ous 
Time delay 


Inverse tame 


relay resets after it- has oper'^ted* 

Ability of the relay to descrimin'^ta between faul- 
ted and normal conditions. 

To select faults only vrithin the desirable zone of 
protection * 

Ability to perform its function v/hon desired. 

The set max. distance of fault from the relay lo- 
cation which the rclfiy can detect. 

Eatio of the max. distance of fault from tho- relay 
location to the set distance for the relay. ' 

- do - 

Impedance of the liixe up to the reach of the relay, 
Impedance of the fault ( imp. .dances) . 

Eo time relay involved in the relay operation* 

Time interval between the sensing of fault to the 
,xclay contacts close* 

Time delay inversely proportional to the operating 


quantity* 

Primary relay, - Main relays 

Back up relay' - Suppoiting or supervisory relays 
Comparator — Another name for relay 


Phase comparator- Eelay comparing the phase angles of input quantities 

Amplitudes comparator - Eelay .comparing the amplitudes of input 

quantities. - ' 

Instantaneous ___ Eelay comparing instantaneous values of input' --'n"''.' 

Comparator signal ■ 

Blocking relay Eelay operation produces blocking ' ' 

Blinders * ~ Make the hclay Immune for certain faults. 

Dual input com Has two input signals ' • • 

parator ^ ' 


Multi input 
comparator 


- Has more than 'two input signals 
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- Relay contacts are by passed after the seal in 
relay operates. 

~ Indicator to show that the reXay has operated* 
“ V A Product of the relay coil 

“• Air core coil which convert a ourrent signal 
to voltage * 

— Which produces the proper relay signals from 
. the power system. ^ ■ 

r Normally closed contacts 
“ formally opened -contacts 

■— Contacts other than the main contacts in circu— 

- it breakers . - - - - . 

Threshold operation - Relay is about to operate. Fet torque is close 

to zero (i.e. fault has occured at the balance 
point) 

2 *0 Circuit Breakers : 

The function of the relays as earlier discussed is to sense 
the fault and energise the trip coil of the circuit breaker. How a 
days circuit breakers are available yritli apnning time :of about 1 cy- 
cle* These are called one cycle breakers. Pour types -hf breakers, 
are normally used for equipment and transmission lines protections* 

1* Air circuit breakers 
2* Oil circuit breakers" • 

3* Minimum oil circuit breakers 
4* Air blast circuit breakers 
5 • Vacuum switches • 

The first is used for apparatus protection at low voltages. The 
second is used for feeder protection* Three and four are used -for 
high voltage lines* In the place of air# the SPg is. also used. Air 
blast breakers for EHV lineshas become standard practice. They have 
a clearing time of less than a oycic • These breakers produce what 
is Called as current chopping which results in over voltage on the 
system* Switching resistances are normally used with these breakers* 
Vacuum switches for high speed fault interruption are being introdu— 


Seal in relay 

flag indicator 

Burden 

Transactor 

Transducer 

F.O. contacts 
F .0 . contacts . 
Auxiliary contacts, 


ced now*. 


I'or important lines the breakers arc proTided with a rcclo- 
sing feature* fhe. breaker after opening closes again after a pres- 
cribed dead time. She' reason for this practice is thsu the major 
percentage of faults on lines arc transient in nature. They are 
called arcing faults and occur due to the conductor swining. There- ^ 
fere. the fault is automatically cleared* Even if the fault is not 
self-clearing, the arc gets extieghished v/hen the line is opened. 

Eig* 5shows the control circuit for the remote operations of the 
breakers ♦ 

3*0 Types of relays ; 

Follow itig types of relays are used for various types of 
protection schems* 

1 • Electromechanical type; 

Here the torque on the moving member is produced by electro-. 
magnetic action* Examples of these relays are , 

a) Armature attracted type* . This is shown in Fig. 6(a). 
Normally used as an instantaneous relay for over current or under 
voltage detection* Since the torque is non-xniiform there is contact . 
chattering and it has a high pick up to drop out ratia* 

b) Induction cup or disc type relays; This is shown in 

Fig. 6(b). The difference between the cup and disc in the fabrication 
of the stator and the rotor. The torque is more uniform here and the 
ratio .end-ithsor^tioiaf pick up. to drop out is more ftloser to unity. 

This rel^ i® widely tised for a large type of relays.. Most of the 
distance relays are of this type% We shall discuss those later in 
detail. 

2 • Thermal relays ; ’ 

These, relays use bin^tallic strips -and the relay operation 
is based on unequal expansion of the two strips* These are used for 
apparatus protection* They are not as sensitive as the induction 

cup type relays. Also their drop out value is very low because of 
large thermal time constant. 
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3, Transductor relays; 

These relays use the noxilinear B — H characteristic of the 
magnetic core. Transductor implies variable inductance. When the 
core is not saturated? the coil offers a very high impedance and when 
the core is saturated the coil will be almost a short circuit# 

These relays are discussed in the following chapters,. 

4- » Eoctifer bridge relays; 

These relays also use the electromagnetic actio"- for the pro~ 
duction of^ torque# The .signals to these coils are obtained after 
full wave rectification# These relays _,can be.used both as amplitude 
or phase comparator# Eig, 6(c) shov/s the rectifier bridge comparator 

using signal amplitudes for comparison. It can be observed that if 
ij^ ^ i^ the coil will have s net operating torque and the relay oper- 
ates# Eig . 6(d) shows the operation of the relay as a phase compara- 
tor# If the phase shgl^ between the signals and i^ is less than 
^/2 the relay operates. In this case one of the signals acts as. 
the polarising current and permits only one pair of diodes to conduct* 
By suitable choice of the input signals? different types of relay 

threshold characteristics can be obtained# These are used as multi- 
« 

pie input distance relays. Details are discussed elsewhere, 

5 # Electronic relays ;■ 

The relays discussed above have moving parts. Due to these 
reasons, the electromechanical relays have some inherent drawbacks* 
These are listed below: 

a) High burden on OTg and I’Tg*. 

b) High operating time due to inertia of moving parts. 

c) Contacts pitting. This results in bad contacts and 

relay mal-operation # 

a) Contact racing. .This is the result of the inertia of 
the moving parts'. Due to this, relay co-ordination 

become difficult* 

e) Ee quire frequent maintenance. 

f) Affected by vibrations and shocks. 
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Hoving contact/ nelays operate due to exbernal Tibrations 
like ssismic shocks# 

Due to these drawbacks, power system engineers have tried to 
induce electronic components for fault detections in the place of 
moving elements. These are called static relays. The advantages of . 
the electronic rel^s are: ' ■ . 

a) Dot/ burden on OTg and Hg* 

b) No moving contacts. Therefore all problems due to inertia 
like high operating time, contact racing are avoided. > 

c) Eequire less jnaintonance 

d) Not affected by vibrations and shocks etc . 

"A detailed treatment of the electronic relays is given in 
the following chapters #_ * ' 

ifter the advent jof the solid state .devices ^ eUcctronic 
relays have given way to solid state relays. Solid st'^te-rclays have 
all the -advantages of electronic -.relays and in addition,' they are 
compact, more reliable and do not require high voltage power,, supplies 
Now a days, many relay manfacuters are making solid 'state relayp #• 

They are also enable to adoption of different types :of protection 
schemes. By proper selection of relaying quantities, it is possible 
to obtain maby desirable relay characteristics. These will be 
discussed later in detail.# 
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To ackk^'e efficiency md economy in irahsmksion, tkc ^Fa^i^nmion ,'oi'rc^t' is hemg sfc-oye i i>p ■• ,■ 
•fOO kV !.‘msmhsiatt iincs «v a’rerdy in opei'gilan in lame sk:ei, me-; a.? UP. iilai'amshirc sne M'P, “'V- 
(he ptotccdon of suck BHVUj'LV lines, reihjbie. just oiKi-tititig ami coKifuet nhyinc scheme ■: 
needed. This paper deals with a reki} nt^ lah -.ms us’ng digiPd circuf'- <'‘!(k C'ixfQS hgk for the ;tsC'\ ■’• 
(ion of EHVUIHV lines. Tnis mUy has bmi dcs.gned, t';ir.va;:.i unJ successf dly t.stsd in the kto-a-.on-. 
This rshyit^ sc^mc is exptvfed tc he kef ter af canpared to (he >:X!:img ones. 


^<tyTAisms 

/ as olosk frequency 

'; --S jjosfiaal operaiiag fresqueftcy ?o I'tve ± 90° 

trsU;ia 

/j -a* desired frequency to give variable operating 
criteria 

/f. as system fault current referred to CT secondary 
k ■'=• voltage coefficient 

R -=s fepiica arc reasistaace (maidiaunt value er<- 
peetgc 

&\i ~ S'KusoidaUy varying sjjrnals 

^ system fault voltage ••eferfed to FT secemdary 

^ iiSFsdattce seen by reley (re?eR'i’,-‘i to ■^os'or.** 
ciary) ' . 

‘-a -- fopiica impedsace 

< pbase asgie fertweea those signals 

f :■ aagukf criteria 

,^h •“ astgiMiSif liRKts of phase cotnFarison 

- comcldence aagle 

mmmucnm 

Static distance relays are commonly ?tsec for the 
protectica of PMVfliEV irsiisraissiot lities^ Dvar to 

STo K &abay ai-o w'rtfi HT. Kaitpuf. 
TlSii BW rawiiwii is® Jgjs^y 3®* 1 1 ®t*d 'wfi f sss«8tc<t asd 


their Ugh speed of opsriuoa, accuracy and rehabik;) 
prasticaiiy no mamtenance is seeded auca it is put jiiio 
Service. The relays*-*, ggoeiaJly, use analog des'ioes whi'- h 
give delayed operatson at tUFeblitild condition. 'Ihe 
operating time ts 3 function of phase displacement and 
b^jomes iafindy at the boundary condition. TW.s crefies 
a seriou-s relay coordination problem®. This draBbtj'S 
was cvefcorae by Ramamoorty rmd LaF by developing a 
Comparator is witich the rss:^nss time was kept con* 
Slant. The authors itsed djgitai techniques and TTL hgk 
circuits. This relay was capable of general ing many jr.:- 
portant characteiisiics suck as ohms, directional, m,ho, 
restricted ohm and eUtpiical charactenstjes using varrsblr 
angular criteria for operation. They also obta!n.“J 
quadrtlatefa! charactsfisric, ba®ed upon muili-irepui 
coincidence principle but m a ditfsrent way. The digit:-,' 
.Uu.. appeared to be giKKl at lirst, but detailed studv 
showed the following general drawbacks ; 

(i) ITL gales used are sensitive to spurious gsgitalK 

t ' tz low ttoise nmnuaity, thu-s the relay 

. could bs prone to transients and liite disturb- 
ances. 

(ii) The basic comparator circuit app&irs to bs r.,ou* 

complicated, u-sing nvire components, J-ict.scs 
lei^s reliable, and also unecqsormcai and --to.v 
hi cpcrsiion, 

(iii) '5'he saute relav (cotuparator) msv not be ussd to 

obiam quadrilateral cSwractenstic, 

Civ) Tha seme com,para!o! funjctloa both x 

sosiae com|>a.r3tor and sine compafator. 

These xdrawbscks of existing digital relay east he 
oltminated by aslijg CMOS logic and simple relay 
circuit, this paper presents the development of an s/u* 
w>vtd dighsi veiny and tssihisiques fer obtaissistgcitflir* 
eni threshold chamcf eristics. Effotl-i have been ntade 


the SeisjJ'Aiws*! Papvf hSreSfeg isfki ^ Aiasitf 


■ s I'ls) uaruwdrc 5<j a - , 

nomy snd rsliabiiity with fa’it opar;;:lni •<?■>■?. nesibifhy 
i'< pravidsd so i]iai the fame rsiay pi.'ia bs useu as sine 
eciisparai or and can cater to switioaai reqaiiements 
like power swing blocking, elc. 


IMPEO?EI> mmiAh COBriFAHATOS 

The comparator deicribsd is arr iricgr'uuig 
•ivefage type with mmimuar operating time of 15 ffl see 
under steady state condition and risaximum opetattng 
time of 2S m see under dynamic conditicn. It is free 
from the dc iraasiect compunent appealing m tae fault 
current and hence this is bound to give better^ pc-r- 
formance under transient condition abo. Power swing 
blocking can be applied through AND gate The 
ncval icature of the comparator is that it can be u-'ed 
as Sine and cosine comparator and ai-'C as a multi input 
cemparaior giving any desired characteristic. Apart 
from being used as single phase relay with slight modj- 
Sc.atioris, it can be used as a poiyp’hase relay ; thus giving 
additiosml ads’antage of ect-nomy and case in relay 
cooidiaatton. 


OFERATIWG PKNCTtE 

The two-input or muUi-input phase coraparaior deve* 
loped is symmetrica!, fu gcaettd '.wo-mput phase cesu- 
parator initiates relay tripping vvggi-s the piia-^e angle a 
‘'Stisftos the ccadition 


^ ‘i ^1, (i) 

The phase angle «■; is positivt. iVlu-n ..ig:. .i gj leads Sj,, 
and is negative when Si lags s^. in majority of appUca- 
tioits, th^ angular limit of pharc compaiis.-j'V: and i?s 
arc 90* and such comparatois are called as 90* phase 
comparators or cosine comparator. This gives a direc- 
tional characteristic, the tup a'-ea being on nyhi ■'ide 
for the variable signal Si as shown by I'ig Ths 
coincidence of signals Si and (ISO -<), it noic llifin 
90% initiates relay .ilpiping, Tne tupping k-vel i.- al* ssl 
set to sero, and hence the ieS(iori-i, t.mv u-, n-v'c ' 
less, ihe saate tip to x 90'’ oi^ishase displacement. 

The Sams tripping ch«arac<e‘-‘'.ri;N tan he o-btfined by 
taking signal and S3 and measuring tiw aati- 
coiacideace «' between them. Tripping occurs when, 

^ ^ Pi 


r - / 


r v / r r ‘ ■*; 

Lj-'L-^r L '~ij" L. .. 

' ' Gjtleodi bj SjliCtyJ 5>jiU*''U, Sj > u i, ' 

iwpu? 'i ^ ‘ , 

i ^ V > \ "7'-“ y- -7 i - 
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The schema! k diagnuu uf digital phase cf'nn.kf-.! 
i-s shown II! rig? 2. Fhp flop F-! ’s s:v;d ar synciruai/. - 
wheicas F-2 is i(; toggle mode. H.Mce, the first puht >’ 
F'2 op>jru!es the mimbmuit! M-l aiv* seoiiu! /> ij'ir 
operates M-.2 ia u-itii a v.'^y Unt, there exts!' n hiutsc 
dliftuoiice <»f /ai" (lb .msec ciuraticn'i betwv'cu the' •..l i- 

pujs of M-i and M-2. Mouonxulti M™! vmd s.l-'j 'u- e 

used as puht' styecfivi whose otnpuis urc AND con'- 
p.nutded by gate A-i. 'I'ju: , ilvj opcfuiion. ol' sumpira- 
UH,c*ueSodcoSlVe\ curren', v prcveuledduungthicshokl 
conduion. The A.KD gnie A~'i is used to bktek the 
onei.-uiort of rcUy danng power swipg. Kci'iYrdiy. the 
tonfiol input of A'A is tet at logic (1) but becomes (0) 
due to the eftwt ol power swing, nt-nce, the AND gate 
h-i ilccs not pass signal and so no- output from Hna! 
AND gale A 2. 


The sumssoidid ;i;puis ij and i’g, after being converted 
to .square puKc. are given to Exclusive-OR gale (Ex/ORt. 
Thus, iiie Q <nttput of F-1 i> ihc measure of aulicoinci- 
uence (Ex '(JR) whc'cas Q is the measure oS coincidence 
(AND 4 NOK.). Tnc tnlcgi at ing canacitor is replaced by 
AND gate A-! find bmaty counter BC-! and EC.2. 
fwo ‘'oantcis me used to increase the sensitivity of the 
compsiaior [icro Icvddeta’uon) The riock pulses are so 
chosen i hat ts4 puises arc pa-c-cd in 5 m * cc duration, at 
tlirc-iiolu, i., g.vc -f, 9(J'' dvciating ct it. ia. Titis gives 
the normtd operating ctock hcciuesicy as !2.S kHz. 
The vat iabie angular criteria can be obtained by change 
of clock frequency. Hence, 


If #1 90* then p^’ = 270% ihus 270* > <' > 90*. 

Hence, the same comparator funcUens as sine corr.- 
parator in which tripping occurs when — Sj leads S3 by 
more than 90* over a range of 0 to ISO*. The w'aveforms 
are shown by Figs 1 (b) and (c). 
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The above relation can be used 10 find out neW clocJi 
frequency so as to five different operating criteria pp 
Hence, the relay can generate lestncted dssc-.'ticnal. 
resiiicted olau, and elliplica! civtri'wti.','i;-iic:' by using 
twoinput comparator only. The same comparator 
can be used as sine coiBoarator by invertlrtg a-iy one 
input (preferably Sj) and "taking Q out, put of Hip fkw 
F*L The operation of tb; relay as co>.ijte comfiarator 
ts shown in Fig 3. 



tfi %jn 



i Schetnatk diagtm of campami&r 


INPUT TO 
P£IA¥ 


EX/OP 
OUTPUT (a) 







PULSE 
TO S.C. 



COUNT CONTENT 
OF SX-2 





(tf ^ CiBincideme Anik dmidene {Tkresh&td eandifion) 


(b) Coimdmce > Amieoincidemt iOf^triiag 
fig i Opemion of mmparatat 


APPUCAHONS OF COMPASATCm 

Thecoiapara'o: cangeaerateinany important char«tc- 
teristics by giving suitable signals through measuring 
circuit. Transactors are used to simulate the line im- 
pedance. The following arrangement (Fig 4) is used 
to obtain different signals required to produce the 
desired charactcristic.s, 

RssmtorED DmEcriONAt RetAV 

The inputs to ihS relay to obidin directional charac- 
teasfic are 

Si “t^andSj • IZu 

This uives a straight line AOB. passing through 
origin 6, as relay characteristic (Fig 5) with normal 
clock frequency^ and (derating criteria of ±90“. 


Restricted directional characteristic can be obtained 
by same signals, by change of clock frequency from 
fd to /i and/i tn such a way that: 



^i«90(2~ ^-]and#* --90(2- ^ ) <5i 

Hence, any opirating criteria and threshold character 
istics can be obtained by change of ciock frequency. The 

fo 

limit of clunge of clock frequency is from/o to which 

is easily obtained by frequency dividers or variable 
potentionster. The restricted directional characteristics 
arc shown in Fig 5. 
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Fig 5 Restricted directicmi relay 


If ihe inputs to relay are — Si and Sz the id^y 
Uons ai sine coiuparator with same opera' ing pnitciplc. 


R£STif.icm> Ohms Rei.a\ 

The iDp'als to the relay, to obtain vaiie'y of charat- 
leristics, such as ohms, reactance and restricted ohms or 
angle impedance, are 

Si •» IZg ~ KatdS* IZg 

Chatacteristic APB is obtained if angular operating 
criteria If the operating criteua is and Pt, 

the characteristics A' PB" and A’ PB" results,' if the 
signal IZg has a pluse angle of 90'’ with the horizontal 
axis, the resulting characteristics will be a reactance. Any 
type of charafeteristic can be produced by varying clock 
frequency in such a way that 

h<k<^e<n'‘ . . 

For sloe coa^ator, the isinits to relay are 

S, «- F- rZsandyi^/Zj, 

and the above theory kilds good for this case also. The 
characteristics are shown by Fig 



Fig <S Restricted ohm relay 


Offsht EmyTtCAi. Mho Relay 

It is the starting element for a 3-.step distance relay 
and avoids maloperation due to power swing. The inputs 
to relay are 

S, » /Z« ~ F 

V,k< I 

This can give variety of characteristics by varying the 
operating criteria. If the pperating ciiteiia is, Pa (±90"), 
the resulting characteristic is offset mho as shown .by 
curve (1) of Fig 7. 



Fig 7 Offsa elliptical relay 

The offset elliptical characteristic can be obtained by 
varying clock frequency from fo to ft and ^ to produce 
ctHve no (2) and (3) of Fig 7, with operating criteria as 
Pi and Pt. The relation 

S,=99(2-^), 
k < k'< 

also valid for this case. 
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;mci above tfee»f^ holds, gapd fox, tiiis.^se also. 

Quadrilaterai. Relay using Two Ccsmparators 

Fig 8 (a) shows the basic scheme for obtaining quadrt- 
iaterai characteristj; Two comparators A and B are 
AND compounded t-„ obtain the dedred cbaracterH . 
AOBP as shown by Fig 8 fb). Tne inpui-s to comparator 
A a'-e. 

Si ==■- iZM~y and S, « /Z* 



Fig S (a) Muid-eompafafor relay 



Fig 8 (&) Normal iharacteristics Fig 8 (c) Starling eharaeterUtics 


which gives res*rict. 1 ohms chai acteristic APB wi , 
as opefatingcritcua.Tiicini.ia to il-aiv 

S% * / and S^ ^ y 

which ghfles restricted dsfc.ikhud AOB 

with eperating criteria of The outputs of there com- 
paratois are, then, AND compounded to give final 
characteristic AOBP. By choosing appropriate value of 
Z* aiut ar.d batter thershoid characteristic with 
any slmpe ran be obtained. 

The inputs required ftwr sine compm'ator are 


wmen gives resiriciea owns cnaraciensnc /\ris wun 
as-e^Jer^ing-edtfipia. -The-range ofLUaschar^teristic can 
■be cimged by vttryitig the value of Zg so that it lies in 
3fd zone of the relay. The input to comparator B arc 

Sg ■== / Zrj and Si k i Zgt “F F, that is, / Zg' -r I 

which gives restricted diiectional char acteri.s lie ANB 
v/tih as operating eiiteiia. The output cf these corn 
parators aie then, AND compounded to find charac 
terislic ANBP as showii by Fig 8 (c). Any desired chai a*, 
teristic can be obtained by eliangsng Zg and and gg. 

The sine comparator to produce the same characteris- 
tic with same theory of operation wiii have the inputs 
as 

, Sj = V ■— / ZrjJ iSg — I S$ — ! Zs* 

Si == — (^ / Zjjt 4" F) ~ — (f Zb' 4- F) 

where Zg — k Zpa and fc < 1 . JZrs is common to both 
the comparators, hence, only thiee inputs are needc<5 
to produce quadrilateral charaetetistic as with cosin,. 
comparator. 

Quadrilateral Characteristics with Mlxti Input 
Comparator 

A two input comparator, using Ex/OR gate, can be 
niodified to take any number of inputs, by using muhi 
input Ex.'ORgate [Fig 9(a-d)]. Four-input cornparatoi 
is optimum which can pve any type of quadrilateral 
chaiacteristics. As multi-input Ex/OR gate is not avail- 
able, it is subsit uted with AND i NOR logic and rest 
of the circuit remains unaltered. The inputs which atfc 
not used are, tied with available signals and the func- 
tion of the comparator lemains the same. The basic 
arrangement for multi input comparator is shown 
in Fig 10 (a). 

The input signals needed for quadrilateral characterisUs* 
arc (used only as a direcitonal element) 

,Vj -- 1 Z«j --- V', Sf = i M i~ s ; — I'j 



Fig 9 \a) MultlAnput relay 


Si = F - iZ«; 5a « /ZrI 5* « /Zjj; 5« = - K 

which will give same characteristics as discussed above. 
U can be seen that /Z« is comawn to both the com- 
paiators and thus, only three inputs are needed to pro- 
duce quadrilateral characteristic. 

OiTOEnr Quadrilateral Relay using tWo C<»!- 

PARATtmS 

Offeet quadrilateral characteristic is reqiured for start- 
ing element of S-ssone distance relay which can 1% easily 
obtained by modifying wje of the input of comparator B, 
hence, the input to comparator A are 



Fig 9 (b) MormsI ^macterlstk 



Fnl AT Aumirt 1082 


9 







jF^9{4Me^1elmaeiertssies i-i$9id)Smisleh(B’ae{erlsHa 



tO^X<fy hicd^d pdho reky 




Bi iQ tSimyaieristiei of com- Fig 10 (<r> Fiaat ehsfmerkties 

'permrA 

Zjtj beiAg r^Iica of line im;>edance used only as a diw* 
ito^l eleirieat. ff a ^96-~'0z, and operating criieria 
00 is ii; 90% the resaUing charactersiic is as shown in 
Fig 10(b) 

This characteristic can be made more compatible if 
the Inpat signals to relay are 

Si = /Zs, - S'; St ^ tM \2l St * Vi St « IZyt 

Here* angle a is set equal to zero by spot only and the 
operating criteria 0i ~ 0*. This change yields the 
chatseteristic as shown by Fig 10 (c). 

The resatiaat characteristic can be further modified 
if the inputs to comparator are 

Si F;5f«/Zit, 

The c^tdiag criteria jEl, < 0* so that « ra 0i— 
and the resulting characteristic is as shown by Fig 10 (d). 
TMs ©Staratheristic may be useful far bus bar protection, 
lere resistance is genertdly absetit. proper 


threshold charecicrinic ('^rt be obtfttaed. 


Mho 

Tits classical aho characteristic can be moilfied and 
the effect of power swing can be completely elliminated 
by using bltaders and adopting suitable operating crite* 
'•'? /% Thus, the lepui'’- to the relay are 

Si « /2a » F; S« « F, and 0^ < 9o« 

The rcpiici iiupedaiice Zsi cm be changed to 
after the zcne-2 time delay, and the operating cirteria 
fii are kept equal to for shspping the eharacteristjes 
as shown by Fig 10 (b). Tne resulting characteristics 
resembles quadrilateral characteristics. 

A separate comparator could be used for 3rd 3.one 
protection in a nonnal way, but having opcfiiftiiig 
criteria as 0; which should be less than If the inputs 
to this comparator are 

St IZss ~ F; $6 « kfZsi 4' F: and 

then the resulting charadteristic , is as shown by Fi\> 
10{c). The shape of the characteristic 3 is elliptical which 
is very narrow and hence immune to tripping due 
to power swing. This could be au ideal starring charac- 
teristic for carrier frequency to clear end zone fauU 
quickly by siaiuhaneous tripping. 

The block diagram of modiJed mho relay is 
shown in Fig 10 (a). 

RELAY TESTING AMS TE1FOSS4ANCE 

The digital relay was tested statically due to non- 
availability ot‘ IJyaamic Test Bench. The different 
characteristics were plotted as shewn and found to be 
very close to the theoretical characteristics. Hence, 
smooth curves are drawn passing through the test 
points. 

The directional property of quadr ilater^ and modified 
mho relay was found by inverting signal IZgt which made 
the relay inoperative in reverse direction. The relay 
remains operative down to very low input voUage; bid 
does not operate when the I'oUage b^oracs zero for 
two input comparator. However, for multi input com- 
parator, ths relay remains operative even if the voltage 
becomes wo. 


CONCLUSION 

The paper describes the theory, principle of opera- 
tion and applications of the improved digital phase 
comparator which could be used for variety of applica- 
tions, sp^ificaily, in two-input mode, giving idcsttical 
characteristics as obtained by cosine comparator. The 
resulting reky is fast in operation and at tbe same time 
no time coordination problem arises as tbe maximum 
operating time is of the order of 25 m sec at threshold 
condition. The relay con-structioa is simple, using ICs 
and logic gates, which makes relay ecohomicai sad 
reliable. The samerblay cen, produce any desired charsc- 
teristic, sim^y by change of input iigoals and operatiag 
criteria. This relay could be used as polyphase relay 
with slight mc^tficaiions, giving economy and also 
ease in rel^* coordiaatton. 
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SUMMARY 

Almost all the algorithms proposed so far 
for the digital protection of transmission lines 
are of the distance type and involve the ex- 
traction of the fundamental components 
from the complex post-fault waveforms 
through the use of filters, whereas those 
based on the travelling-wave theory need 
only a short data window and no filtering. 
This paper presents two new algorithms of 
the latter type along with the results of 
digital simulation tests which confirm their 
viability. 


‘ 1, INTRODUCTION 

Because of recent advances in tfie field of 
minicomputers and microprocessors, digital 
protection of transmission lines is going to 
become a reality in Use near future. Digital 
protection - f transmission lines provk ‘s 
improved performance in terms of speeu of 
operation as well as fiexibUity of obtaining, 
with ease, any desired composite threshold 
characteristics. With 

the protective schemes can be made self- 
checking and, with modifications only to the 
software, any desired alteration of the thres- 
hold characteristics can be accomplished. A 
considerable amount of work in the field of 
digital protection of transmission lines has 
been reported since the late 1960s. This has 
been confined mainly to different types of 
algorithms for computing the impedance 
between the relaying and fault points as 
accurately as is tenable with high-speed 
requirements. The algorithms proposed up 
till now can be broadly classified into two 
j?roups: {1} distance relay algorithms and (2) 
travelling-wave relay algorithms. 
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The post-fault waveforms in the fust ojk- 
or two cycle.s after the occurrence of a fault 
compri.se a power frequency fundament?!?, 
an exponentially decaying DC component 
and high-frequency transients. They also 
contain subtransient and tran.ssent power 
frequency components if the Hue fault is 
near a generating source. The first category 
of algorithms involve computation of the 
impedance between the relaying and fault 
points from the fundamental components of 
the voltage and current obtained by suppres- 
sing other components through filters and 
line modelling, whilst the second category 
utilisses the complex waveforms as they are 
for making relaying decisions. In this paper, 
a brief aiid critical overview of the distance 
relay algorithms is given first in order to bring 
into focus their inherent limitations. Next, 
two new travelling-wave relay algorithms, 
whose viability has been tested on a digital 
computer with the fault data generated by 
the digital simulation of a sample power 
system, are presented. 


2. OF THE DISTANCE REPAY AL- 

GORITHMS 

These algorithms aim at extracting the 
fundamental power frequency components of 
voltages and cintents from the complex post- 
fault waveforms and then determining the 
impedance between the relaying and fault 
points. Basically, there are four digital 
methods of determining the impedance from 
the fundamental components. In the first 
method, the magnitude of the impedance is 
calculated as the ratio of the peak voltage to 
the peak current and its argument as the 
difference between the phase angles of the 
voltage and current. The peak values of the 

© Elsevier Sequoia/Printed iii The Netherlanda 


2a 


voltage and current and the phase angle be- 
iwoen^hem can be determined either from 
<4arnples dr -Ihe. fundamental components 
extracted from the ensemble of samples 
eoilected over one full power frequency 
period fl js rr they can be predicted from a 
much smaller number of *:? of ibc fun 

dameoial components by means of the 
of the samples and their derivatives 
|2|, or of their first an I s<-rord dp’>'’vntives 
|3|, or of the samples and tiie sampling mter- 
va! f 4|, In the second method, the fundamen- 
r/d *“ornpc rents of voltage and current are 
delermmed m the pluisor form, which 

the real and imagsnfiry parts li and of the 
pseudo-impedance seen by the relay can 
bt evaluated In the third 

method, the lir§e ni ^jjodelled by 
equations, the numerical solution of wdiich 
vi%.! li the values of E &nd X il4 - 19b The 
vuivantai,^-''/ iU tfd?* i;;. tlnil >i u 

sary to filter out only those components nut 
covered by the line modelling. For example, 
if tfH !ujr ly .PL circuit, 

then there ss no riceu to lik^r uri ?M' ?‘’C 
offset component. Also, this method allows 
or‘ dee? with cases like series-compensated 

ildl fr» ' the 

impedance ib ucteHiuned dujciiy so piOi^s. 
form from the ratio of the frequency-domain 
t d* b'^e finidament-'l of 

cue vci^agt Luv:r!ii hy A.uu uvm-.- 
form method t20|. All the metiiiads whkh 
require samples over one full fanda^nenta! 
period for the computation ot the pseudo 
nnpedHnce t fer no eeorionne advantage ' i 
camp^rison wUli solid state 'iiie un- 

wanted compements of the [iost-fauh wave- 
forms are s^ippresseci by types of 

filters in order Lc- rltjui t\'- / 
components. Both analog and digital filters 
which liave been proposed and/or uued (or 
this purpose are described in the following 
sections. 

2J. AiiUlog [tilers 

The mimic impedance used m the current 
transformer secondaiy’* plays the role of an 
analog filter inasmuch as it filters out the DC 
offset in the current signal. Complete suppres- 
sion oi the DC offset is, however, impossible 
since f^xact m<'iichmg of the XIE of 

the primary and secondary circuits is difficult 
owing to the fact that the XiR ratio of the 


primary circuit up to the point of fault is u 
variable. Sone algorithms [2, 3, S| a&suin^*o 
employmeni of this filler. RC iow-pass fillers 
with a suitable cutoff frequerscy have been 
used to filter out the high-frequency compo- 
nents in the mipIementatioH of some of the 
algorithms fS, 6|. The fact that a single an- 
alog filter cannot suppress all the ufiwantfJ 
corjjponents and that these are slowc^r than 
digital filters led to the development and 
preferential use of the digital filters. 

2,2 IJigind [liters 

The various type.*^ of digital vvhlcn 

have been propo:.ed a'’^d arc- dcsoribr^: 

bedow, 

Noleh filters 

twi. orihogoiiul notch filters with sine 
characteristics have been used lo extract the 
fundamental companents after eiimmation of 
fbn hhji 'frequency eomponents by an anak^g 
low-pass filter f 2, 21 j. 

Stlrcied htirmomc filter | 17 1 

While ihe q|fferent;al equations of the line 
are being solved by numerical integration, 
^'he ml ef’' ration ir« currieu out over a certain 
vr o: overlapping suhintervals with 
required end points. This re.suits in the elinri- 
oaiion of er-riejii hoimoiiics and their emS- 
; hlhc. 

Least-bquure^errut fUten 

in one iypc% the deficiency in moddlmg 
the line by ilHkcentiel equations is treated as 
an erroi and solution of the modal parameters 
is obtained -i^ubiecl to minmiisation of the 
mean of the squares of this error over the data 
Vfiock'iv iI3, 19]. In another type, a poly- 
nomial fit (for example, a siralght-line fii over 
three points, a quadratic fit over five points 
or Cl cubic ill over seven poinlsf kileeerrnmed 
subject lo the least-square-error criu^rion [1% 
S|- By differentkiing this pciycomial. the 
necessary lime derivarives can be foumi la 
yet OTothcf type, a wai-eform containing h 
decaying DC offset^ ihe furidaitiental aau d 
desired number of harmonic (‘omponerdb uxe 
assumed and the- Icast-sqiiare-ertor crif’^rion 
is .applied io clHenmm the unknown pern 
maters of the fundair^ntal roinponera. |lu. 
22, 23|. All these Ultev^ ase rather -iiow acd 
their accuracy depends on the datn wuido-i 
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as well as the number of samples per cycle 
|24j. 

Orthogonal transform filters 

Of these, the Fourier transform filter is 
the most widely used: it utiHsC'j sine .*«< 
cosine functions as an orthogonal set [1,5,7- 
9,12,25,26]. This filter suppresses all the 
unwanted components and therefore offers 
the best accuracy, but it requires a data 
window of one fuU fundsunental pr-nod. 
However, filters employing data windows of 
half a cycle and less than naif a cycle with 
tolerable errors have been proposed [8, 12]. 
Filters using odd and even square waves [7], 
Walsh functions [13], sample values and iheir 
derivatives [2], and Uie first and second 
derivatives of the satnpk’.s [3] as orthogonal 
functions have also been proposed. 

Finite transform filter [ 20] 

The fundamental frequency impedance is 
determined over a finite data window by 
carrying out the filtering process in the fre- 
quency domain through the use of the finite 
transform method. 

Kalman fitters [11] 

The non-fundamental components in the 
voltage and current waveforms are considered 
as noise signals. The noise signal in t!ie voltage 
waveform is considered as a white noise 
sequence with decreasing variance, and that 
in the current waveform as an exponential 
process plus a white noise sequence wi'h 
decreasing variance. Then, a two-slate ilah.'.au 
filter IS used to extract the fundamental 
voltage phasor, and a three-state Kalman 
filter to extract rhi' ri-nUarn^ uia> 
phasor. The error in this filtering process has 
been reported to be less than 1% after half a 
cycle. 


3. TRAVELLING-WAVE RELAY ALGORITHMS 

This group of algorithms uses the complex 
post-fault waveforms a« they are for making 
relaying decisions by means of travelling-wave 
techniques. Two distinct advantages are 
offered which lead to high-speed operation. 
First, there is no need for either analog or 
digital filters and consequently the time 
delays associated with them are eliminated. 


Second, a very short d.nta v.'indnw '-a'- I-.*- 
employed. As a matter of fad, t.ho sampling; 
interval should be small enough to i-void 
aliasing errors. The .sumijfing frequency .shouh! 
he at least twice as great as the cutoff irt- 
qiiem-y of the tiarsducers in order to avoid 
aliasing Thus, with a current- v<>itage 

transformer of tmioff frequency 2.5 kiU, the 
sampling frequency should be at least i> kHz 
and the sampling interval 200 ps. It is re- 
ported [27] that such a saniplmg interval 
may not be adequate to carry out the netu s 
aary digilal iniplemenlation. However, it i.- 
believed by the authors that with tiic liigii- 
spes'd analog-to-digital conversion equif'm.'nt 
and digital computers available at pres“nt, 
tb-k .sampling interval would be sufficient 
derive and store the sis digital samples oi tin- 
phase voltages and line currents and to cairv 
out the simple fault-detection aigindthm dc 
scribed in tins paper. Very few algorithms in 
this category have hei-n proposed so far 1281. 
most probably owing to ttio fact thal She 
travelling-wave relaying concepS- is relatively 
new. 

Two new aigtirithms in this category are 
presented in tins paper. One is ba^ed on 
amplitude comparison of the relay inputs 
and the other on a fault-locating Hay [29, 
30 j. Each algorithm can be split into l'V<' 
parts, fault detection and relaying. The f.’iult 
detection algorithm is common to both and 
therefore is described first. 


4. PAULT-DRTEC-TION ALGORITHM 

This algorithm is similar to that proposed 
by Ma.'''.”. asid Morrison [31 1. One counter Is 
provided for each phsi.>e voltage. T.hc differ- 
ence between the currently sampled instan- 
taneous voltage of each phas«; and the corre- 
sponding one in the previous cycle (whic'i 
has been stored) is computed and stored. 
These differences, up to one cycle after the 
occurrence of a fault, are the fault-generated 
components and are used in the relaying algo- 
rithms described later. If for any phase this 
difference is greater than ■ the previously 
stored value, then the counter of that phase 
is incremented by 1. Otherwise, the counter 
is decremented by 1, if it is not already zero. 
The latter ensures that no maloperation takes 
place due to .spurious spikes. When tne 



counter of any phase reaches a preset value, 
a fault Is assumed to have oci-urred. I’hon, 
the sampling is suspended, the transmitter is 
switched off from other jobs and ihe relaying 
progam Is executed. The setting of eac'h ph^.-e 
counter is taken to be 5 for the anipittude- 
comparison relay and 10 for the fault-locating 
relay. A higher setting for the latter is neces- 
sary to collect an adequate number of sai.iples 
of fault-generated voltage components in 
order to execute the algorithm. The setting 
for the difference of voltages one cycle apart 
IS chosen as 0.05 p.u. for both the relays and 
is based on the assumption that load fluctua- 
tions do not lead to voitage variations of more 
tfian 0.05 p.u. Ihe actual value for this sotting 
can be determined by conducting digital fimlt- 
simulaiion tests on the power sysiem. This is 
very stmple and can easily be earned our 
within an intersampiing period. 


6. AMPLITUDE-COMPARISON RHLAYINU 
SCHEME 

5.1. Principle of operution 

After the oi'currence of a fault, the voH.ap.ts 
and currents at the relaying point, as at any 
other point sn the pov/er system, can be re- 
garded a.s the sum of the |>r.''‘ra’.:lt a.ad fludn- 
generated components 321. 1‘ault- 
generated components during tlie first whole 
cycle after the fault occurrence are used for 
relaying and are computed by the cycle-tu- 
cycie compa*iSon method ptoposed hv Maiin 
and Morrison fSlf. Although the fault data 
for testing algorithms are generated consider- 
ing frequency dependency of the line para- 
meters and without the assumption that the 
line is transposed, the inputs to the relays are 
computet! on the assumption of a perfectly 
transposed line. To cater for all types of 
faults, three relays, one for each mode t>f 
propagation, are used. I’he inputs to the 
relays are as follows: 

Mode 1 

S,tl> 0^1) 

5la) 

Mode 2 

^ vP R^pip 


Mode 3 

S,f-^> = vp~R^.pip 
SP^vp^R^^pip 


vvh^*re and are modal 

poiients of ihe fauit-generateii c>* 

the phase voltagf*^ at the relaynig point. 

and iiTe the modal comf>onentb of 
the components o" :he Ijo ^ 

currents at the relaying poliil: 
and are tlie setiu^.g resislar.cc't 

respectively, to wh,.!: would have heer, Ur 
surge iHipedances of the- three mc/des had Tie- 
line been lossless and uerfeedy transpose uh 
That ii , 






and 




t2) : 


R 


-IfL, 


The propagatior* of Iraveding y^d\es u' 
voltages of each mod* . upon the uccurrence 
of a fa'dt, IS depicted m Fig. 1 far a fault 
ahead oi the relaying point* and in 2 for 
a fault bcnnid thr rel^iying poiut. li is well 
known tha^ the curresit and voltage of each 
nsode have the following relationship: 
for backward wa^es^ 


£)' ■“ ■“* ( oa ) 

for forw'ard waves. 


V - (3b) 

Accordingly, the relay signals for each mode 
for a fevv inmroseconds after the waves hav»'" 
reached ih.c relaying point are given for an 


internal laidl by 


Sj -A'lS 1 + 

14af 

and 


^2 “ ■*’ ^vV 

(4bl 


where K( is a facto? which lakes into account 
the effect of the fault resista:ictp is tlie 
surge impedance of the mode concerned, ijf 
is the corresponding modal component of 
the fauit-geoi.-rated components of voltage^ zl 
the fault point, hnu is the reflecuon coef T- 
cienl at the relaying end of the line. Since 
ip^i is always Ier*s fhan unity under aebc.ai 
conditions, except when the reiaymg end 
on open enruit. it can be seen lhai .Shi > 
1^2!- And, for a fault belTmih the relay signaii. 



1. Lattiee diagram for a fault ah#‘ad of fhe re- 
laying poini. 


the line throu^^^h a rmrief clmnnfA, -‘irruit 
breaker^ at both ends ai’e It^jpecL IJiJ-nn 
ocvnttimve of a fae.lt, whoth*er i*\tei*ea! u? 
iidcrnaK the transmitter U swibiied off frcim 
other uses*, ii any. When the fault is ahead, 
the transmitier is started and a earner is sent 
io the other end. Keeeipt, of v^amer (mm the 
other oml and indication of a faeJt ahe;K/ of 
the local end indicate an inlcinal D-uit, When. 
du‘ iauil Is l^chind, tiie transmitter is blocked 
from being started subsequently by the brK'k 
ward wav*es conmng fvon'i the fault fKnnt and 
ihn remote end after r(*fle{nK>n. 



Fig 2. Lattice diagram fora fault behind the relaying 
point 

for a few microseconds after the waves have 
reached the relaying point are given for caeh 
mode by 

Si = 0 (5a> 

and 

S^ = -a -f ^ ^,et/C'o)% (Sd) 

where p^j is the reflection coefficient of the 
adjoining iine. Therefore, for an external 
fauU, < IS'ji. 

« However, the modal componerits of volt- 
ages and currents are computed on the 
assumption of a perfectly transposed lino aird 
therefore the relations given in eqns. (3) will 
nc4 be satisfied exatrtly. Ac'cordingiy^ the 
conditions jS'j! - > 0,05 p.u. and jSii - 

jS,} < “0.05 p.u. are used to indicate, re- 
spectively, a fault ahead of the relaying point 
and a fault behind it. If. at both ends of the 
hne, the fault is found to be ahead of the cor- 
responding ^ relaying points, then the fault is , 
internal; otherwise, it is external. In the event 
of an internal fault, co.nfirmed by an 
change of Information betwreen the ends of 


5.2 Rfilnymg algorithm 

Thf* modal ■fimiponents c'f viiS.;'ig(‘s 
and currents are given T,„ ' ' 

and respcciivelj; , wii-, x* 

T„, 13 chosen to be the Kartenbu-i*"' trac?. 
fosination matrix: 


|i 

s 


"2 

i 


I 

1 


?i 


Thus 


T 


ih 


1 


3 


3 

1 

1 


I it 

'•t 0 

0 '-If 




IBh) 


The computational <‘ffort is reduced by 
computing the modal components without 
division by 3; these ar»’ termed modified 
niLKlal components in this paper. Ctinsequcid • 
iy, the type-of-fault detection criteria m‘o 
modified as follows: 
for faults ahead of the relaying point, 

iS'il- !S'3i> 0.15 

for faults behind the relaying point, 

Ids'll “iS'al < --0J5 

S'j and S'l are the modified relay •ciput.s 
evaluated with the modified modal c,omp'v 
nents of the voltages and currents. WM.h tins 
riEjodifiration incorporated, thi* relaying algO’ 
rithm is as foliow's. 


Step .1. (Calculate, by i.he cyele-tfi-cycle 
■ compaJiRon method, the fault-generated eciu- 
ponents of all the line curfents for five sam- 
ple sets buckward.s from t!»e set at which 
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the fau!t detection algorithm had yielded c. 
logical ‘yes’ output. 

Step 2. Calculate the modified modal conj- 
ponents of the fault-generated component.-, 
of the phase voltages and line currents uu ihi’ 
earliest sample set first. 

Step 3. Calculate the modified inputs for 
all the modes. 

Step 4. Check if iS',| -- iS',! > 0.15. If so. 
a fault ahead of the relaying pomt has occur- 
red and, therefore, start the transmitter. Also, 
if carrier signal is received from the other 
terminal, trip the circuit breaker, il not, 
proceed to the next step. 

Step 5. Check if iS',! - IS'j! < -0.15. If so, 
a fault behind the relaying point ha.s occurred. 
Therefore, block the possible starting of the 
transmitter subsequently by tlie backward 
waves coming after reflection at the fault 
point and remote end of the hne. 1/ aol, go 
to the next step. 

Step 6. Take the next sample set and go to 
Step 2. 

It can be seen that this algorithm is very 
simple and therefore, can be implemented 
even with a mieroproc^-ssor systons. 


8. FAU? .TU.OCATINO HELAY 8PHF.HK 

6. ?. Principle of operation 

This scheme is also composed of three 
relays, one for each mode of propagation, and 
caters for all types of faults. The input sifnai 
pairs to the relays an* the same as in t.he pre- 
vious scheme, in this scheme, the signal S? of 
each mode is used to detect the forward 
waves, if exceeds a preset value which 
is taken as 0.175 p.u. i33] in this work, the 
internal fault-detection program i.s bypassetl 
and a transmitter, which sends information 
to the other terminal of the line to suspend 
the execution of the program there, is staHed, 
For a fault behind, the first travelling waves 
reaching the relaying point arc forward and 
therefore, as can be seen from eqns. (5), 
jSjl exceeds tiie setting first and desired 
operation ensues. The program which imple- 
ments this algorithm is termed the foward- 
wave-detection program. 

Upon the occurrence of an internal fault, 
the value of li'j! increases rspidiy from zero 
to Kjl(i + at the instant when the 


I'cveiheg wcvf. rs-esr. fhn ieiaying point. For 
a bulled fault, A. = 1 and, with peifcrt match- 
ir.g holwei.-n and Z.^, 1 + 2. 

rnd-cr sh.?si- ideai .-onditiont. jS,! wii! he 
equal tu 2i-V{f!. .-Assuming that Ujf = 
sintu5,if + ipf,!- tlie maximum slope of 'jSjt in 
hetvvei-n sudden rapid irscreases may be 
equal to 2co„lq,„,. The msAant v, Pen the 
waves reach the r»^}aying point for tlie first 
t.inu- is cif-tiTinined by compuii.f's th;* slope of 
uF]! and chocking if it is greutor than . 

ffhen, a signal is produced to block the staru- 
ing of the t'ansmitler ?ub.sequcntlv liy U’.c 
loiwvard waves. Tlic-re vtui I a 
iiscrease in IS,! wh^m backward wavecs co're 
aga.a from the fault point after r-'TV-rt k.'f- 
1 30), The- instant 'U w!in,h 'J.i rk-u . 
is determined as w’hen the- Arss diiivative ' 
:"Si, c'cceeds 2pgCOoVffj„. The inclusion cfPi b 
due to ti.!- fu'd tt-’-l the voV-s;’- u- ’ u ■ ;-nt 
magnitudes get reu-aced by i-hiS factor w'l 
the 'oackward w-aves reach the relaying (vun: 
the -..-t’:' 'd time f F>? IL The fiine i.'-! 
lhe.se two kibtau. w,.,.-, ; ■dcq.-u'.i v-a,', d’i 
velocity of propagation, gives twice tn-. 
■hdc-nce of the fault from the relaying point. 

f, : he:’: : 

voltage, the ai’O'io aigo^.dm. does not woils 
The procedure is then repeated with Lh« 
;I denvetives c/ 'F-! ansi v”*, • 'og> 

iloJt, i’sfm imd o' >'.>r detecting tht 
first and second rapid increases, respectively 
In the case- of equal reflection coefficients a 
tile two ends of the protected 1 ne aud a feul 
resistance equal to one h'uf of the surge im 
pedanee of the line, there will not bf a seconc 
rapid increase in iS,( or in its fir.-.t .'iefAai.!v< 
for a fault at the middl. of the line. Also 
for a ciofM‘-in fault, the time interval betweer 
l.^ie first and second rapid iRey--ase.-. v -suk 
he coo short to be evaluated by this aigo 
rithm. In the former case, a trip signal I 
issued after the first-derivative aoP -rctnd 
derivative programs have been gone through 
•and m the -atler case after the detection o 
a rapid incrc'ase in either the fitst or secuiv 
derivative of iitji over a certair, n-j.mbcr 
consecutive serupling intervals. The presen 
scheme is iin extension of an analog .schent' 
propo-sed by the authors, i 30{. 

6.2. Relaying fslgoriihm 

Division hy 3 in evaluating d'.‘- n.-.’dj 
components of the voltages and currents i 


eliminated by using the modified inputs 
S' I and S '2 ^ in the previous scheme. Accor- 
dingly, the condition iiS '21 > 0.525 p.u. is 
useti for each mode to dete<'l the forward 
waves reaching the relaying point first. The 
first and second derivatives of iS'jl at any 
sampling instant f, are computed using the 
following numerical differentiation formulae 
1341. 


^ = 

dt ' At 


AS'i., 

At 


V say 


d? ( a 7? 


- 

“ (AO* 


, say 


w'here S',,, + ,, S’,,, and S',,, j are the modified 
signal inputs computed from (/ + l)th, ith and 
{i — l}th sample sets of voltages and currents 
and At is the sampling interval. The fir^t and, 
if necessary, the secoiKl derivatives are to be 
computed repetitively, and hence it is imper- 
ative that the computational effort be re- 
duced. This is accomplished by modifying 
the criteria used to detect the first and second 
rapid increases in IS', i,, as AS',,, > ^ 

At and AS’,,, > 6p»Wo^HmAt respectively, 
and the criteria to detect the first and second 
rapid increases in d(lS',j)/d{, as AS'[, 2 > 
6cJo*Vft„(AO* and AS'j,^ > 6psO;o*^,;„.(AO* 
respectively. Also, a rapid increase in jS’,! or' 
<i(!S'it)/df may span two or three consecutive 
sampling intervals, in which case the fault- 
location computation goes wrong. This dif- 
ficulty is surmounted by a suitable logic de- 
scribed in the algorithm given below. With the 
above modifications incorporated, the relay- 
ing algorithm is as follows. 


Step 1. Calculate, by the cycle-to-cycie 
comparison method, the favilt-generateii com- 
ponents of all the line currents for twelve 
sample sets backwards from the sample set 
at which the fault-detection algorithm yielded 
the logical ‘yes’ output. The two extra sample 
sets are used to partly cover the interval 
immediately preceding the arrival of waves 
at the relaying point. 


Step 2. Calculate the mofiified modal com- 
ponents of the faull-genorated Cvomponents of 
th-.' voltages and currents. 

Step 3. Calculate the modified signal mpuLs 
for all the modes and for all the .sample sets. 

Step 4. Check if IS'j! > 0.525 p.u. for each 
mode. If ti*'!-. is so for any mode, stop further 
e.xecution of the relaying program at this end 
and start the transmitter which sends in forma' 
L .011 to il'. ■ ' Uim- end in order to stop execu- 
tion of the relaying program tiiere also or lo 
block tripping. If not, proceed further. 

Step 5. Calculate, for each mode, AS',., 
and fhecL if it is greater than At. 

if not, take the next set of laodified inputs 
and execute Step 4. If so, do not go again fo 
Step 4. •. the time counter to the value of 

the time corresponding to this .-lample set. The 
time counter setting and rapid-increase detec- 
tion criterion remain the same if the above 
condition is satisfied ever consecutive sam- 
pling intervals. If thi.s happens for four con- 
stHiutive sampii' sets, an indication that the 
fault is close-m is output. Otherwise, change 
the rapid-increase detection criterion to 6ps X 
At. When the latter condition i.s satis- 
fied, set the lime i.ouitler to the.ciirresit timt- 
minus the previous setting. Stop further 
execution of the algorithm, compute the 
distance of faaU .snd output this value as 
well as a logical ‘yes’ for tripping. When this 
step yields no results, go to the next step. 

Step 6. Repeat the algorithmic procedure 
of Step 5 with the second derivatives of the 
signal iS'jl for each mode with the rapid- 
increase detection criteria of Bo)fi^Vttxa(At)‘ 
and 6p»W(, *Vf,r„{A0*- If this step also fails to 
yield a result, go to the next step. 

Step 7. Under these condition.s, the fault 
will he at the middle of the line. Outimt an 
indication to this effec^t. 


7. TESThNO OF* Ai.GOHITH.MS BY DIGITAL 
SI.\JULAT10N 

In order to test the proposed algcnthms, 
fault data are generated foi a desired type 
of fault for two cycles, one pre-fault and one 
post-fault, by employing the digital simula- 
tion techniques described in an earlier paper 
by the authors {SOJ. The amplitude-compari- 
son relaying algorithm is tested using the 
fault data computed for an interna! fault at 
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the remote end (marked F5) of the protected 
line aijd k>t an extemai fault (at the point 
marked Fj) in the four-bus power system 
diown in P^. 3. Each source is represented 
by an equivalent iumped-parameter model 
with phase inductances calculated from the 
fault level specified and neutral impedanije, 
from an assumed ratio of ZJZi of 0.5 at 
power frequency. All the lines are 1 28 km in 
ienjfth. A three-phase fault thraugl; a fauH 
resistance of 100 Q with a fault initiation 
angle of 0* is considered. The quantity jS'ti — 
IS'j! is calculated for each mode and the 
results are given in Figs. 4 and 5, The fault- 
locating algorithm is tested using the fault 
data evaluated for a single Une-to-ground fault 
on phase a at the remote end of the protecterl 
line of 200 km in length in the power system 
shown in Fig. 6. In this case, the sending-end 
(SFi and receiving-end (EE) sources arc con- 
sidered to be composed solely of transmission 
lines and cables and to have net surge impe- 
dances equsd, respectively, to 1/0 and 1/4 of 
the power frequency surge impedstnce of the 



Fig. S. A fotir-bus power system. E.F. » re 

laying point; values in amU of OVA refer to short- 
circuit levels. 
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Fig 5. Three phase external fault Bf- 100 U and 
^0 - 



Fig. S. A trammissiott line iiitercounecting two 
power systtms. 

protected line. A fault resistance of 100 il 
and a teult initiatten angle of 90° are consi- 
dered. The signals iS’ji and SS'ji are computed 
and the results are given in Figs. 7 and 8. In 
both th» sample power systems considered, 
h Itoe is a typical 400 kV 

quad-conductor single circuit of untrangposed 
construction. An earth resistivity of 100 Q m, 
srid frequency d€pendency of all line and 
earth parameters are assumed. The remaining 
data for each line are those given in. Table 1 
of ref. 30. The sampling interval is taken to 
be 200 fis and the peak value of the pro- 
fault voltage at the fault pomt is .jssuraed 
to be 1.0 p-u. 


’O'" - * 



Fig. 4. Ths»e*pfease internal fault; ^ 100 il 
« 0^, 
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Fig. 7. Single-phj»-5r !»v»4'-io*gro'(3,ad £sbU oa phase A 

jRf * 100 n aad v5o = 
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Fig. 8. Sii.gJf-phase lin«-to-gw>und fault on phase A: 
Rf = 10& f ; and -^o = ^O’- 


Using the fault data, the fault-detection 
and relaying programs were run on the DEC 
1090 computer system at the Indian Institute 
of Technology, Kanpur. In both cases, the 
CPU tirr e was found to be less than 1 ms. 
However, eight sample sets in the first scheme 
and fou'-i^-en ir. the siccond were required 
to detect the fault. So, tire total time of 
operation was about 8 X 0.2 + 1 * 2.6 ms in 
the first case and 14 X 1 - S.8 ms in 
the second. Since tire object of the paper 
was only to test the algorithms, only one type 
of fault is considered in each cast*. 


8. CONCLUSIONS 

The digital Eimv.s^tio'! carried cut cii 

the two new digital travelling-wave algorithms 
proposed in this paper established their feasi- 
bility. The heart of these digital schemes is 
the fault-detection algorithm, which is quite 
simple. With this fault-detection algorithm, 
not only the relaying algorithms employed 
in this paper, but also the analog travelling- 
wave relay scheme-, proposed by others {33, 
35, 36 J can easily be implemented digitally. 
There being no need for any filtering, the 
travelling-wave relay algorithms are superior 
both in terms of accuracy as well as speed, 
and therefore will ultimately supplant the 
digital algorithms in the digital protection of 
Iransmissiton linws. 


NOMENCLA'fl’StE 


c., 

self and mutual capacitances of line 

I„ /.m 

&f4f and mutual inductances of line 

r-.t 

relay setting re.sistance 

Su S. 

relay input signals 

At 

,^tnpiing interval 


iirnplitude of fault-geneifated com- 
ponent of voltage at fault point 

Ifu h 

fault-generated components or volt- 
and current 

Zt, 

Surge impedance of line 

P 

reflection coefficient 

’Pii 

fault initiation angle 

Wo 

niimina! system angular frequency 


Superscripts 

I, 2, 3 components of modes 1, 2, 3 
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